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Fiber Analysis and Distribution in the Leaves, Juvenile 
Stems, and Roots of Ten Maine Trees and Shrubs 
Fay Hyland1 
INTRODUCTION 
The value of woody plants in the paper-making industry is un-
questioned. As our present supply of the readily accessible and more 
valuable species of this natural resource dwindles, it may become 
necessary to utilize shrubs and waste from logging operations. 
Dr. Harold Young2, a pioneer in the "Complete Tree Concept," 
has, over a period of years, conducted research on the feasibility of 
utilizing not only the merchantable bole of large trees but also the leaves, 
twigs, branches, stumps, and roots which are ordinarily left in the woods 
following logging operations. Trees unsuited for the lumber trade; 
shrubs; prunings from timber stands, orchards and vineyards; and 
woody plants along highways, may also be utilized. In fact, reports from 
many sources (Keays, 1970) on the utilization of juvenile wood indicate 
that the practice is not only possible but profitable as well. With the 
recent development of harvesting machines such as the Morbark Total 
Tree Chiparvestor which utilizes everything above the stump, it is now 
feasible to produce bark and wood chips from all sizes of woody plants 
for reconstituted products. The above-ground portion of the tree is fed 
into the mobile harvester, the chips are blown directly into a waiting van, 
and the vans are driven directly to the mills. 
Local pulping studies conducted by Professor Andrew Chase et al. 
(1973), and others, have shown that paper can be made from a variety of 
woody plants by utilizing waste from lumbering and pulping operations 
and non-commercial tree and shrub species. 
The character and amount of fiber mass varies with the species, age 
of the plant, conditions under which grown, etc. Because of the great 
variety of plants which may be used for pulp, and because much 
variation can be expected between not only species but also organs of the 
plants utilized, it was deemed desirable to make an anatomical study of 
puckerbrush species and juvenile component tree species in order to 
pinpoint the precise location of the fibrous cells in the plant and to 
determine the percentage of fibers in each tissue region. Since individual 
fiber characteristics are also important in papermaking, a study of 
individual fiber cells was considered essential. Accordingly, a research 
project, sponsored by Dr. Young, was initiated by the author in order to 
obtain as much information as possible (consistent with the limited time, 
1 Professor emeritus of Botany, University of Maine at Orono. 
2 Professor of Forestry, School of Forest Resources, University of Maine at Orono. 
3 Professor of Chemical Engineering, College of Technology, University of Maine, Orono. 
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assistance, and appropriation available) on the subject. The results of the 
study are presented in the following pages. 
Since this study was based principally on juvenile specimens, the 
results would be expected to vary considerably from those obtained from 
mature wood. The proportion of bark to wood is high in twigs and the 
fibrous cells are short. Since large numbers of the twigs and branchlets 
are utilized when the complete tree is pulped, the quality of the product 
cannot be expected to equal that of conventional pulp. Wilson (1970, p. 
35) has estimated that in a mature red maple tree there are about 20,000 
short shoots and 1,000 long shoots. This number plus a vast amount of 
young roots, if the root system is utilized, appreciably affects the final 
pulp product. Young (1968) estimates that, on a dry weight basis, 
approximately 65 percent of the total woody fiber of a tree is in the 
so-called merchantable bole (from the stump to a 4-inch top diameter) 
with 25 percent of the woody fiber in the stump and roots and the 
remaining 10 percent in the unmerchantable bole. His conclusions were 
based on analysis of 190 trees ranging from 6-18 inches at breast height, 
representing five softwood species and three hardwood species. The trees 
were pushed over, cut into components, and weighed in the field. The 
percentages of wood and bark for six hardwood species on a dry weight 
basis, were determined by Dr. Young (1973, p. 48). It was found that, 
with the exception of quaking aspen, bark constituted less than 20 
percent of the total stem and branches above the stump. The data were 
based on a single tree from each species. In another study (Dyer, Chase 
and Young, 1968) a small amount of similar information was obtained 
for alder, willow, and highbush blueberry. Young states that these 
species may produce as much fiber per acre per year as tree species. 
It is the juvenile wood of similar trees and shrubs with which this 
present research is concerned. 
LITERATURE REVIEW 
A comprehensive literature review is beyond the scope of this report. 
The subject encompasses many overlapping and interrelated disciplines 
and a complete analysis is not feasible. Therefore, only a selected 
number of pertinent research articles are included. Basic information on 
general plant anatomy is well portrayed by Esau (1965), by Eames and 
MacDaniels (1947), and Cutter (1969, 1971) for those who wish a better 
understanding of the cells, tissues, and regions of plant organs. A treatise 
on the anatomy of common North American pulpwood barks, by Chang 
(1954), describes the bark of 20 pulpwood species. A good understanding 
of wood structure can be gleaned from texts by Panshin and DeZeeuw 
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(1949), and Record (1934). Since the invention of the electron 
microscope, numberous articles and texts on cellular ultra-structure of 
the woody plant such as the publication edited by Cote'(1965), have 
appeared. The scanning electron microscope is also playing an important 
role in understanding the ultra^structure of wood cells, as witnessed, for 
example, by a recent publication on the three-dimensional structure of 
wood by Meylan and Butterfield (1972). Paper trade journals and pulp 
and paper magazines feature many articles dealing with fibers used in 
paper-making, both from a practical and a technical standpoint. Other 
up-to-date sources of information are: Forest Science, Wood Science, 
Forestry Abstracts, journals of botany, and numerous other American 
sources. Foreign literature is also replete with timely articles. The list is 
being increased periodically by a voluminous current literature. 
For a recent comprehensive review and analysis of the literature, the 
reader is referred to the five publications on Complete-Tree Utilization, 
by Keays (1971). Over 1,000 articles are either analyzed or listed in these 
five publications. In general, the literature citations in the present study 
are included in the text where the information is most relevant instead of 
treating them in one section as a discrete and separate unit. This 
departure from the conventional method seems preferable because of the 
varied subject matter under consideration. 
WOODY PLANT ANATOMY 
The external features of plants, i.e., leaves, stems, and roots, are 
somewhat familiar even to the layman. However, the internal structure of 
these plant organs is well understood only by those who have botanical 
training. 
Since the research here presented concerns stem, root, and leaf 
anatomy, it seems appropriate to include some explanatory material and 
a few diagrams (Figs. 1-3) to clarify the terms used and regions referred 
to in the text. Frequent reference to these diagrams should be useful in 
keeping the reader oriented regarding the tissues and regions currently 
being discussed. For further information on anatomical features, the 
reader is referred to Esau (1965), and Eames and MacDaniels (1947), and 
a variety of general botany texts which illustrate not only tissues and 
regions but also include details of cells that make up plant organs. 
Organs, tissues, and cells will be considered in the following order: 
leaves, stems, and roots. 
Leaves (Fig. 1 and Plate I). These are the specialized photosynthetic 
organs of the plant. They are usually broad and comparatively large and 
variable in hardwoods (Angiosperms) and are shed at the termination of 
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each growing season. On the other hand, the leaves of softwoods 
(Gymnosperms or conifers) are usually small and needle-like, 
strap-shaped, awl-shaped, or scale-like. They are composed chiefly of 
primary tissue but some cambial activity (division) may occur in the 
vascular bundles of leaves after the first season of growth. They persist 
on the twigs (evergreen) for more than one growing season, except in 
tamarack, (Larix), in the species growing in northeastern United States. 
Even though softwood leaves are persistent for several seasons on the 
living tree, the leaves of spruce iPicea), and hemlock (Tsuga) fall off the 
twigs a short time after the water supply is cut off if the twigs are severed 
from the living tree, especially in hot, dry, windy weather of summer. 
However, if trees are cut in the winter, the leaves may persist until 
thoroughly dried several months later. This feature might be considered 
if leaves are to be utilized. 
Considering the details of leaf anatomy, a typical conifer leaf (Fig. 1) 
may consist of the following regions and cell types: 
(a) Epidermis. The epidermis is the outer cell layer of the leaf. The cells 
lack chloroplasts, and the outer walls are usually heavily cutinized. 
Numerous openings (stomates) which allow for the exchange of gases, 
principally CO2, O2, and H2O, occur in the epidermis. Chloroplasts 
occur in the guard cells surrounding the stomates. 
(b) Hypodermis. A hypodermis, sometimes containing lignified fibers or 
fiber-like cells, or sclereids, may be present. Hypodermal fibers 
should be useful in paper-making. 
(c) Chlorenchyma. The chlorenchyma consist mostly of parenchyma 
cells, sometimes lobed and with invaginated walls, containing 
chloroplasts. They are not fibrous. 
(d) Endodermis. This is a single layer or sheath of living cells 
surrounding the vascular tissue. Even though vertically elongate, 
these cells probably add little or nothing to the fibrous mass. 
(e) Transfusion tissue. This tissue is a zone of parenchyma and short 
tracheids located between the endodermis and the vascular bundles. 
Transfusion tissue tracheids may be too short to be useful in paper-
making. 
(f) Vascular tissue. The vascular tissue consists of xylem and phloem in 
the form of vascular bundles, one or two per leaf cross-section. The 
xylem tracheids, and to some extent the phloem cells, are the chief 
cells of value in paper-making. Older leaves should contain slightly 
more fibrous cells than younger ones because of the limited amount 
of secondary tissue, resulting from cambial activity (cell division) in 
the vascular bundles. Leaf fiber and tissue analysis are shown in Figs. 
5, 6; Tables 1,2, 3, 4. 
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Stems. (Fig. 2 and Plates II, IV, V.). These are the aerial axial organs, 
i.e., boles, or trunks which bear branches, twigs, leaves, and seed-
containing structures or fruits. They increase each year by multiplication 
of cells (apical meristems) at the tips of the twigs. All new organs, growth 
in length, and a small amount of initial diameter growth (primary 
tissues) originate from this apical zone of dividing cells. All subsequent 
diameter increase (secondary tissue) is due to: (a) the division, principally 
tangential, of an active layer or zone of cells, the vascular cambium, 
located between the primary water-conducting tissue (primary xylem) 
and the primary food-conducting tissue (primary phloem), and (b) the 
division, principally tangential, of an active layer of cells, the cork 
cambium (phellogen). originating in the outer cell layers of the 
developing twig (epidermis or cortex) before these tissues become crushed 
due to diameter increase of bark and wood developed within. The 
vascular cambium functions for the life of the plant, maintaining its 
position between the wood, or secondary xylem, on the inside and the 
inner bark, or secondary phloem, on the outside, and forms these tissues. 
The original cork cambium functions for a period of years but is usually 
periodically replaced from living cells in the cortex and eventually from 
secondary phloem parenchyma. Old cork bark thus formed contains 
interspersed layers of phloem and cork, and is known as rhytidome. The 
vascular cambium and cork cambium are lateral meristems. The cork 
cambium forms a protective layer or zone, the cork bark, or periderm, 
around the periphery of the stem. 
A typical stem may be divided into the following tissue regions: 
(a) pith. This is a primary simple tissue and food storage or 
accumulation area, occupying the central region, composed principally of 
non-fibrous cells (parenchyma containing abundant starch) connected to 
the outer areas by pth rays. Sclerotic cells may occasionally be present, 
occuring as thin horizontal sheets or plates of cells extending partly or 
entirely across the pith. This region contains few if any fibrous cells of 
value in paper-making. 
(b) Primary xylem. This is a small area forming a complete or 
incomplete ring or zone surrounding the pith. It matures early, and like 
the pith, does not increase further after a small amount of initial growth. 
In structure and function it is similar to secondary xylem (to be 
considered later) except that it lacks vascular rays, and the vessels mostly 
lack complete secondary walls. The primary xylem, because of its limited 
amount, adds little to the fibrous mass. 
(c) Secondary xylem. The secondary xylem is a relatively large area of 
complex vascular tissue, contiguous with and external to the prinary 
xylem cylinder, arising from the vascular cambium and formed internal 
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to it. This tissue functions in the tree as support, water and mineral 
conduction, and food accumulation. Xylem tissue eventually comprises 
the bulk of the stem and is the most valuable not only to the pulp and 
paper industry, but to the lumber trade as well. The chief cell types of 
value in the xylem are the sclerenchyma cells, i.e., fibers, fiber-tracheids, 
and tracheids, which make up the bulk of the tissue. Ray and axial 
parenchyma cells, often filled with starch grains during the dormant 
season, as well as vessel elements are also present in hardwoods, but 
softwoods lack vessels and fibers in the xylem. Certain conifers possess 
resin ducts or canals in the xylem, while gum ducts may occur in some 
hardwood species. 
(d) Vascular cambium. The vascular cambium is a narrow meristematic 
zone of periodically active cells located between the secondary xylem and 
the secondary phloem. The diameter increase in secondary vascular 
tissues, i.e., inner bark and wood, is due to tangential, and occasional 
radial, division of the cambial initials and their immediate derivatives. It 
appears that cambial zone cells might be useful in pulp but the meager 
amount present in stems is so small as to consider them little more than 
academic. 
(e) Secondary phloem. The secondary phloem is a complex tissue formed 
by the vascular cambium and external to it. It consists principally of cells 
specialized for food-translocation, i.e., sieve cells in softwoods with 
associated ray parenchyma, and sieve tube members, with associated 
companion cells, in hardwoods. Axial phloem parenchyma, sometimes 
containing tannins and crystals, is often abundant. Sclereids may occur 
as transformed ray and axial parenchyma, especially in older stems. 
Fibers occurring singly or in groups, often arranged in tangential bands, 
are a common constituent of secondary phloem. Resin canals and gum 
ducts are characteristic of some species. Oil droplets, starch grains, and 
other products of metabolism are often abundant, especially during the 
dormant season. The secondary phloem adds considerably to the fibrous 
mass of pulp because of the often numerous and generally long fibers it 
contains. Sclereids, when abundant, cause undesirable translucent spots 
in high grade paper but may be tolerated or even useful in some other 
pulp products, such as hardboard. 
(f) Primary phloem. Distal to the secondary phloem, especially in young 
stems, discrete patches of partially or completely collapsed primary 
phloem cells may be found. This tissue is small in amount and probably 
of little importance in paper-making. However, the primary phloem may 
contain considerable numbers of fibers, often appearing as caps over the 
original vascular bundles of young stems. These should add fibrous bulk 
to the pulp mass. 
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(g) Cortex. The cortex is a primary tissue region occurring distal to and 
contiguous with the primary phloem. The cortex is essentially parenchy-
matous, but sometimes contains fibers, sclereids, resin canals, etc. The 
parenchyma cells may contain chloroplasts, crystals, tannins, and other 
products of metabolism. Leaf traces, which contain vascular tissue, may 
be observed in this region of young stems. The cortex, as well as the 
epidermis of young stems, acts as a protective tissue, and is usually the 
site of the first cork cambium. The cortex cells are kept alive by virtue of 
their proximity to the phloem rays which lie internal to and extend 
distally to them, and to the chloroplasts in those portions of the stem 
which remain green. The cortex cells often appear tangentially flattened 
in stems where considerable diameter increase has taken place as a 
result of vascular cambial cell division. Eventually, as the result of 
successive internal cork cambium formation, the cortex is used up or is 
"cut off' from its food supply, ceasing to exist as a living tissue, and 
becoming a component of the outer bark, or rhytidome. However, in 
some trees, the original cortex functions over a long period of time. 
Brown (1915) states that the living cortex has been observed in 
50-year-old white pine stems. Boles stay green until the cortex dies, at 
which time they become visibly brown. Cortical fibers, when present, add 
slightly to the fibrous mass of the pulp. 
(h) Epidermis. The outermost region or cell layer of very young stems is a 
uniseriate protective layer of living parenchyma cells which completely 
ensheathes the stem. The cells contain no chlorplasts except in the guard 
cells surrounding the stomates. The cell walls are heavily impregnated 
with a waxy substance (cutin) which, along with an exterior layer of cutin 
(cuticle), serves as a protective measure to guard against excessive desic-
cation. Only occasionally do the cells become fibrous. They therefore add 
little or nothing to the fibrous mass except as a filler. However, a fibrous 
or fiber-like hypodermis may be present in the concave portions of young 
stems (Picea, Plate II) which should add to the fibrous mass. Chang 
(1954, page 49) considers this area in black spruce (Picea mariana) stems 
as collenchymatous, since the cell walls are unevenly thickened (a 
characteristic of collenchyma as opposed to the evenly thickened walls of 
sclerenchyma, or typical fibers). In the present study these cells are 
considered "fibrous" since it is believed that they may be useful in the 
paper-making industry. 
(i) Cork bark. The cork bark, occasionally referred to earlier, is a 
secondary, non-vascular, protective tissue which eventually replaces the 
epidermis in function. The first cork cambium (phellogen) usually 
originates in the outer cortex, and after functioning for a variable period 
of years, is replaced by successively formed cork cambia originating 
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periodically from the cells of the remaining cortex, or, eventually, in the 
parenchyma of the secondary phloem. The cork cambium is the 
meristematic layer of cells which forrns cork cells ( phellem) on the 
outside and secondary parenchyma or secondary "cortex" on the inside. 
This three-layered tissue is the cork bark proper, or periderm. The 
phellem cells formed on the outside of the cork cambium are corky or 
spongy and tight-fitting except for occasional openings (lenticels) which 
originate under stomates and serve the purpose of exchange of gases (O2, 
CO2, H2O) to and from the interior tissues. The cork cells in their 
mature state are practically devoid of contents. Their walls are heavily 
impregnated with a highly resistant fatty substance (suberin) which 
provides protection to the delicate living cells of the phloem beneath. 
Since successively formed periderm layers are initiated in the secondary 
phloem, much of the latter tissue is ''cut off" and becomes part of the 
periodically increasing tissue which is composed of alternating zones of 
periderm and cortex and/or secondary phloem. This composite tissue, 
the rhytidome, makes up the outer bark of most rough-barked species. 
However, the smooth outer bark of some trees, such as balsam fir and 
birch, is usually composed entirely of periderm, due to the persistence 
and division of the original cork cambium which formed near the 
periphery of the young stem, and is not a composite tissue. In balsam fir, 
the rhytidome may not be formed until the tree is 30 or more years old 
(Chang, 1954). In birch, a zone of thick-walled and one of thin-walled 
cork cells is formed each year much like secondary xylem and phloem 
are formed from the vascular cambium. The layered appearance is often 
evident in birch bark in which the thick-walled and thin-walled tissues 
separate in papery layers. Rhytidome, in general, might be expected to 
add to the fibrous mass, especially in the older bark where phloem 
parenchyma has become completely crushed or broken down, thus 
adding to the relatively compact fibrous cells. Stem fiber and tissue 
analyses are shown in Figs. 7, 8, 9, 10; Tables 5, 6, 7, 11, 12, 13, 16, 17, 
18, 19. Photomicrographs of stems are shown in Plates-II, IV, V. 
Roots. (Fig. 3 and Plates III, V, VI.) Although traditionally the woody 
plant stem or bole is the principal or sole organ used for pulp, it is 
rapidly becoming evident that roots and stumps may add considerably to 
the fiber mass when the entire plant is pulped. Since the root system 
comprises 25% of the whole tree, and since acceptable pulp may be 
obtained from roots (Young, 1968), information on root structure is 
relevant in the present study. Sequential cross-section diagrams of a 
typical young root are shown in Fig. 3. Since the secondary tissues and 
cell types of roots are similar to those of stems, already considered, little 
more need be added here except to point out the differences. Roots are 
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the axial subterranean organs of the plant. They anchor the plant, 
absorb and conduct water and minerals (raw materials) and to some 
extent function as food storage organs. It is only in the primary and early 
secondary stages of growth that roots and stems differ appreciably. Since 
small roots (under about 0.5 cm. in diameter) would normally be lost and 
not harvested along with the larger roots and stumps, their inclusion in 
this study becomes principally academic. However, root analysis has been 
conducted in the present study, along with that of stems and leaves, to 
complete the picture of the whole tree. 
Young roots differ from stems in the following respects: (a) roots 
typically lack a pith, the central area being occupied by primary xylem, 
while the stem possesses a central pith; (b) the primary xylem and 
primary phloem strands are radially arranged as opposed to the 
collateral arrangement in the vascular bundles of stems; (c) the order of 
development of primary xylem in roots is toward the center, and away 
from the center in stems; (d) roots typically possess an endodermis and a 
pericycle, stems typically lack them; (e) the cortex of roots is wider than 
that of stems, and is much shorter-lived; (f) the first cork cambium in 
roots usually originates in the pericycle, that of stems originates in the 
outer cortex or epidermis (g) roots possess a root cap and do not bear 
buds, leaves, flowers etc., as do stems; (h) lateral roots originate at 
irregular intervals from the pericycle; stems possess definite nodes, at 
which buds occur and give rise to leaves or flowers; (i) roots are usually 
more flexible and softer than stems; (j) latewood of roots may be less 
pronounced than that of stems; (k) tracheary elements of roots generally 
possess wider cell lumina, thinner walls, and larger and more numerous 
bordered pits than those of stems; (1) walls of tracheary cells are usually 
less heavily lignified than those of stems. The secondary tissues of old 
roots and stems are more alike than those of primary tissues discussed 
above. 
Fiber and tissue analyses of roots are shown in Figs. 8, 9, 10 and 15. 
Data on older roots are included in Tables 16 and 17. Photomicrographs 
of roots are shown in Plates III. V, VI. 
METHODS AND PROCEDURE 
Microtomed Material 
Before a critical study of cells and tissue regions could be made, it 
was necessary to prepare the material for examination under high 
magnifications of the compound microscope. In order to do this, thin 
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Fig. 1 Cross-section of white pine needle, much enlarged. 
Fig. 2 Diagram of longitudinal- and cross-sections of a woody dicotyledonous 
stem, showing primary and secondary growth. (Slightly modified) 
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THE STEM 
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S T R U C T U R E OF ROOTS 
Fig. 3. Diagrams showing stages in the secondary growth in thickness of a root. A, before 
the appearance of cambium. B, the formation of the cambium ring. C, D, and E stages in 
the development and growth of secondary phloem and xylem. Secondary increase in 
thickness due to the activity of phellogen is also shown. Courtesy of John Wiley & Sons. 
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cross- and longitudinal-sections were prepared of paraffin-embedded 
material, using the rotary microtome. The initial problem of rendering 
the material into small pieces suitable for microtoming was accomplished 
by use of a miniature saw designed earlier by the author for a similar 
purpose (Hyland, 1971). Subsequent microtechnique procedure, with 
slight modification, followed that of Johansen (1940), employing safranin 
O and fast green FCF as dyes. Plates I VI were prepared from sections 
processed by this method. Studies involving occurrence, distribution, and 
areas of cells and tissue regions were also made from these sections 
prepared by the author. Results are recorded in Tables 3, 6, 7, 8, 9, 11, 
12, 14. 15. Occasionally, larger specimens of unembedded material were 
cut on a sliding microtome and evaluated along with the others. 
Macerations. 
It was found necessary to prepare tissue macerations, or slurries, for 
study of individual cell characteristics. These were done either under the 
direction of Professor Andrew Chase, Department of Chemical 
Engineering, or by the author. When slurries were prepared by the 
Chemical Engineering Department, standard pulping procedure was 
followed: when prepared by the author, Jeffrey's method of tissue 
maceration was employed (Johansen, 1940, p. 104). Drawings of cells 
(Figs. 7, 8, 9) were made from macerations prepared from slurries as 
indicated above, except fiber cross-sections, which were drawn from 
paraffin-embedded material. Data on cell length, cell diameter, wall 
thickness, and lumen diameter (Figs. 5, 6; Tables 1, 4, 5, 13, 16, 17) were 
obtained from these macerated materials. 
Gross Anatomy 
The stem analyses of ten Maine woody plants, presented later, were 
based on microscopic cross-sections of twigs and small branchlets. All 
the tissue regions were considered at the microscopic level. It seemed 
desirable to follow these analyses with a study of larger limbs and small 
boles within the juvenile diameter range. Accordingly, eight young trees 
of the ten species recorded, with stem diameters of approximately 
12.45 cm. at ground level, were selected for study. The four conifers grew 
on soils of medium to poor drainage and were suppressed trees typical of 
large areas of cutover land in Maine. The six hardwoods were the Old 
Field type of even aged stands, heavily stocked, and under much 
competition. The red maple was of sprout origin and the speckled alder, 
quaking aspen, and gray birch were of either sprout or seed origin. The 
pin cherry was scattered over a cutover area and originated from seed, 
while slender willow was a small shrubby species producing many stems 
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of sprout origin growing along a wet swamp border. Stem age, height, 
and diameter of the species included in Table 19 and Fig. 10 are given in 
Table 18. The trees and shrubs were felled and diameter measurements 
made as follows: using outside calipers capable of recording down to 0.25 
cm., diameter measurements were recorded along the bole at quarter-
centimeter diameter intervals up to a diameter of 5 cm. From 5 cm. to 
12.45 cm. the diameter interval was increased to 1 cm. Discs were made 
of the stems at the diameters indicated above. Bark and wood diameters 
were obtained by measurements of these discs, and recorded in Table 19. 
In this macroscopic study,"bark" was considered as all the tissue outside 
the cambium. "Wood" was considered as all the tissue inside the 
cambium, which actually included a negligible amount of pith. The bark 
thickness was multiplied by two in order to obtain the "double bark 
thickness" recorded in the table. The wood diameter was obtained by 
subtracting the double bark thickness from the total stem diameter of 
each disc. In some cases it was difficult to distinguish between inner bark 
and wood. However, this problem was neatly solved by applying a drop of 
phloroglucinol plus HC1, a lignin stain, to a smoothly cut surface of the 
cross-section. A distinct line of demarcation appeared immediately 
between the unstained bark and the deep red or purplish stained wood. 
All bark measurements were made under a Bausch and Lomb 
Stereozoom 7 microscope. The data from the study of these juvenile 
species are recorded in Table 19. The same data, presented in graphic 
form, are presented in Fig. 10. 
Definitions 
Usage of terms in the text is in general agreement with plant 
anatomists and xylologists. However, to avoid the repetition of such 
specific cell types as fibers, fiber-tracheids, tracheids, sieve cells, etc., i.e., 
cells useful as components of paper, it seemed convenient to use a single 
expression to include all these components, when referred to as a unit. 
Accordingly, the term "fibrous cells" was adopted and uniformly 
employed to include all fibers and fiber-like cells considered in this 
study. 
Juvenile wood includes twigs, branches, stems, roots, and boles 
ordinarily considered too small to be of commercial value. It includes 
tops and branches of trees usually left in the woods following logging of 
the larger and more valuable boles; waste resulting from thinning, and 
brush removal along highways; pruning from orchards and vineyards, 
etc. Preferable to burning or allowing this material to rot, it now appears 
not only possible but profitable to utilize it in making paper or 
hardboard. 
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Puckerbrush is a colloquial expression in Maine which includes 
successional shrubs and tree species of inferior quality and usually little 
commercial value. 
PRESENTATION AND ANALYSIS OF DATA 
The woody plants chosen for the present study are as follows: 
Softwoods or conifers 
Eastern White Pine-Pin us strobus L. 
Red Spruce-Picea rubens Sarg. 
Balsam Fir-Abies balsamea (L.) Mill. 
Eastern Hemlock-Tsuga canadenis (L.) Carr. 
Hardwoods 
Gray Birch-Betula populifolia Michx. 
Red Maple-/4cer rubrum L. 
Quaking Aspen -Populus tremuloides Marsh. 
Pin Cherry-.Prumw pensylvanica L. f. 
Speckled Alder-Alnus rugosa (Du Roi) Spreng. 
Slender Willow -Salix gracilis, Anderss. 
Bailey (1920), published normal length-on-age curves for cambial 
initials and tracheary cells in (1) a typical conifer, (2) dicotyledon having 
primitive vessels, and (3) dicotyledon having highly specialized vessels. 
An analysis of his data (Fig. 4) shows that the cambial initials increase in 
length up to about 60 yrs., after which there is little or no increase. The 
fibrous tracheary cells derived from the cambium follow the same trends; 
after 60 yrs., they are essentially uniform in length. Only the vessel 
elements of specialized dicotyledons average slightly shorter than their 
cambial initials, but vessel elements are not important in pulp and may 
be disregarded here. Bailey's research illustrates graphically that in 
woody stems less than 60 years of age, the fibrous cells of both 
hardwoods and softwoods are much shorter than those of older wood. 
Since the research in the present study is involved principally with 
juvenile wood, it is to be expected that the fibrous cells will be shorter 
than those from standard pulp derived from the wood of older trees. 
However, Bailey's research dealt only with trecheary (xylem) elements; 
the present study considers not only xylem elements of stems, but also 
the fibrous cells of all the tissue regions of roots, stumps, branches, and 
leaves. It will be seen that extra xylary fibers may greatly exceed those of 
the xylem in length. These features will be discussed later in figures and 
graphs of the present text. 
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Fig. 4. Normal length-on-age curves for cambial initials and trachealry cells in (1) typical 
conifer, (2) dicotyledon having primitive vessels, and (3) dicotyl having highly specialized 
vessels, e-, cambium; t, tracheids; f, fiber tracheids; v, vessel-segments. (Modified from 
Bailey, I.W., 1920). 
Analysis of Fig. 5 
In order to determine the potential pulp value of the leaves of 
certain Maine conifers, the needles of four species (eastern white pine, 
eastern hemlock, balsam fir, and red spruce) were macerated and studied 
with respect to the occurrence and distribution of the fibrous cells 
present. The results of the study, based on 100 random measurements, 
are presented in Fig. 5. It will be seen that, in all cases, fibers and fiber 
tracheids compose the bulk of the fibrous mass but other cells (fibers and 
sieve cells) also are present in sufficient numbers to contribute to the 
fibrous mass. Some of these cells, i.e., sieve cells in eastern white pine 
(3,250 microns) and fibers of eastern hemlock (4,063 microns), are 
extremely long. Fibers and fiber tracheids were not observed in white 
pine needles; this may account for the great flexibility of these organs. 
The absence or paucity of sieve cells in eastern hemlock and red spruce 
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can be accounted for by the fact that they (by chance) failed to be 
included in the random sample, or that they were broken in the 
maceration process (only whole cells were measured). 
Everything considered, red spruce needles appear to be the most 
useful pulp species of the lot. See Fig. 6 for needle fiber cell diameter 
measurements (cell, lumen, wall) prepared from the same pulp slurry as 
those for length measurements. 
Evaluation of the paper-making qualities of the needles of the four 
species was made by Chase and appears in Table 2A. See 
photomicrographs (Plate 1) for leaf anatomy showing occurrence and 
distribution of the several cell types composing conifer leaves as revealed 
by leaf cross-sections. 
Analysis of Fig. 6 
Using the same macerated material (slurry) from which length 
measurements were taken, 25 random needle fiber cell diameter 
measurements (cell, lumen, wall) were made and recorded (Fig. 6). These 
diameter measurements were obtained from the same cells (and at the 
same time) for which cell length measurements were made. Only the 
diameters of the first 25 cells (of the 100 cells from which length 
measurements were made) were recorded in Fig. 6. The absence or 
paucity of some cell types in certain species can be accounted for by the 
same reasons given previously relative to length measurements. 
Tracheid cell diameter averages of red spruce (18.4 microns) and 
eastern hemlock (18.4 microns) were greater than those of balsam fir 
(11.8 microns) and eastern white pine (9.2 microns). Tracheid cell lumen 
diameters are narrowest in red spruce (2.9 microns) followed by eastern 
white pine (4.2 microns), eastern hemlock (4.6 microns) and balsam fir 
(5.2 microns) with the widest lumina. Tracheid cell wall diameters are 
thinnest in eastern white pine (2.6 microns), followed by balsam fir (3.3 
microns), eastern hemlock (6.9 microns), and red spruce (7.9 microns) 
with the thickest walls. 
In respect to desirability for paper-making, the most favorable 
(lowest) tracheid wall-to-lumen ratio is 0.619 in eastern white pine, 
followed by balsam fir (0.635), eastern hemlock (1.50), and red spruce 
(1.60). Other ratios may be readily computed from the data in Fig. 6. 
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Fig. 5. Needle fiber cell length measurements (in microns) of four cell 
types in four Maine conifers. 
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Fig. 6. Needle fiber cell diameter measurements (in microns) of four cell 
types in four Maine conifers. 
All fiber measurements were made from sample taken from pulp slurry prepared by the 
sulfate process, pulped by the Chemical Engineering Department at the University of 
Maine. Orono, Maine. 
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TABLE 1 
MINIMUM, AVERAGE, AND MAXIMUM LENGTHS OF UNBROKEN AND BROKEN 
CELLS, BY CELL TYPE, OF NEEDLES OF FOUR MAINE CONIFERS* 
Species 
Balsam Fir 
Eastern Hemlock 
Eastern White Pine 
Red Spruce 
Min. 
Ave. 
Max. 
Min. 
Ave. 
Max. 
Min. 
Ave. 
Max. 
Min. 
Ave. 
Max. 
S 
258 
1019 
2128 
761 
761 
761 
897 
1316 
2106 
722 
722 
722 
Cell Length (In Microns) by Cell Type** 
Unbroken 
F 
464 
464 
464 
949 
1086 
3120 
702 
2038 
4355 
T 
194 
464 
929 
273 
619 
949 
221 
632 
1222 
221 
658 
1322 
FT 
129 
516 
1118 
377 
1509 
2379 
S 
129 
439 
2348 
78 
168 
325 
117 
684 
1950 
129 
245 
390 
Broken 
F 
169 
297 
439 
143 
284 
585 
572 
671 
780 
T 
104 
297 
929 
234 
387 
494 
104 
387 
884 
234 
529 
1040 
FT 
117 
258 
494 
520 
761 
988 
TABLE 2 
RATIO OF BROKEN TO UNBROKEN CELLS, BY CELL TYPE, OF NEEDLES 
OF FOUR MAINE CONIFERS* 
Species 
Balsam Fir 
Eastern Hemlock 
Eastern White Pine 
Red Spruce 
Percent 
All Cell Types 
Unbroken 
35 
63 
49 
85 
Percent 
All Cell Types 
Broken 
65 
37 
51 
15 
Percent By Cell 
Types Unbroken** 
S 
25 
1 
18 
1 
F 
6 
15 
14 
T 
69 
24 
82 
39 
FT 
60 
46 
Percent By Cell 
Types Broken** 
S 
25 
14 
49 
27 
F 
8 
16 
13 
T 
67 
13 
51 
40 
FT 
57 
20 
* Random samples taken from pulp slurry prepared by the sulfate pulping process. All 
observations were made at 100 X magnification from 100 measurements. 
** S = Sieve Cell; F = Fiber; T = Tracheid; FT = Fiber-Tracheid. 
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Analysis of Tables 1 and 2. 
Inasmuch as fiber cell length is an important factor in paper 
quality, representative samples of pulp slurry from the needles of four 
softwood species were studied to determine the lengths of broken and 
unbroken cells. The results appear in Tables 1 and 2. 
A glance at Table 1 will show that both broken and unbroken 
fibrous cells of widely different lengths appear in the slurry of all four 
species studied. More significant is the ratio of broken-to-unbroken cells 
(Table 2.). Fiber-tracheids and tracheids appear to be less broken than 
the other cell types. Considering the percentage of all cell types 
unbroken, red spruce and eastern hemlock rated highest, with eastern 
white pine and balsam fir following in descending order. 
Analysis of Table 3 
The areas and percentages of cell types in tissue regions of needle 
cross-sections of four Maine conifers were studied to obtain information 
relative to the fiber possibilities in these photosynthetic organs. 
Microscopic sections were prepared according to the conventional 
method, mentioned elsewhere. The leaf was divided into three major 
tissue regions (stele, transfusion tissue, and mesophyll). In order to 
reduce the number of categories, the epidermal and sub-epidermal cells 
were included with the mesophyll (chlorenchyma) area. These catagories 
were further divided into cell types as shown in Table 1. Both areas and 
percentages are tabulated in the table. 
A glance at the data will quickly show that 70 90% of the leaf is 
parenchymatous (mesophyll) and hence of little value in paper. Other 
parenchyma cells occur in smaller amounts in all the major tissue 
regions; some occur as epithelial cells surrounding resin canals. The total 
percentage of fibrous cells in the leaves ranges from a maximum of 16%, 
in eastern white pine, to 2.2% in eastern hemlock. These fibrous cells are 
located chiefly in the xylem and transfusion regions but fibers appear 
occasionally in the sub-epidermal regions where they may occupy 5% of 
this tissue in red spruce. The rigidity of red spruce needles, as compared 
to that of eastern white pine, for instance, is due in great part to these 
sub-epidermal fibers. 
The Pulp and Paper Department, College of Technology, of the 
University of Maine at Orono, under the direction of Professor Andrew 
Chase (1973, p. 54) has pulped the needles of the species discussed above. 
Standard pulping procedures were followed. Yields obtained and 
comments on "paper" made from the pulp processed, according to an 
evaluation made by Professor Chase, show the following characteristics: 
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TABLE 2A 
SULFATE PULPING OF CONIFER NEEDLES 
Even as brief a study as is reported here must lead to the conclusion that inclusion of 
the foliage of conifers in the pulping operation can serve only as a detriment to the results. 
It consumes large amounts of chemical with no material return of fibrous product, and 
what little fiber there is has no outstanding characteristics that can contribute to the 
pertinent properties of paper. 
The purpose of this study was to determine to what extent conifer 
needles possess fibrous cells usable in paper-making. In another study 
(Table 5) composite samples including needles were evaluated against 
composites containing no needles. Modern harvesting methods may 
consider the inclusion of needles as well as twigs and roots. These 
were considered in the discussion of Table 5. 
Analysis of Table 4 
Regarding cell length in conifer needles, the longest cells appear to 
be fibers but several other cell types, especially in spruce, are also very 
long. The fragile nature of the sieve cells probably accounts for the 
apparent absence or paucity of this cell type in the 100-measurement 
sample.*** 
The blanks in these columns do not necessarily mean the absence of this cell type in 
the needle. Rather, it indicates that no whole cells (only unbroken cells were measured) 
were encountered in the random slurry sample. 
Needle Species 
Balsam Fir 
Hemlock 
White Pine 
Spruce 
Pulp Yield (%) 
16.4 
17.8 
19.6 
22.8 
Comments 
Fibers very short, dark in 
color. Formed sheet of good 
formation but very weak. 
Fibers very short, lighter than 
those from fir. Well formed 
but very weak handsheet. 
Fibers very long and lightest 
in color of all species. Poor 
formation in handsheet be-
cause of flocculation of long 
fibers. Relatively good fiber 
strength. 
Fibers of medium length. 
Formed good sheet with best 
strength of all species. 
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TABLE 3 
AREAS (MICRONS2) AND PERCENTAGES OF CELL TYPES IN TISSUE REGIONS 
OF NEEDLE CROSS-SECTIONS OF FOUR MAINE CONIFERS* 
Area s and Percents 
Area of Needle 
S 
T 
E 
L 
E 
X 
Y 
L 
E 
M 
P 
H 
L 
0 
E 
M 
T 
R 
A T 
N I 
s s 
F S 
u "J 
S E 
0 
N 
M 
E 
S 
0 
P 
H 
Y 
L 
L 
Area of 
tracheids 
% tracheid 
area in needle 
Area of 
parenchyma 
% parenchyma 
area in needle 
Area of 
sieve cells 
% sieve cell 
area in needle 
Area of 
parenchyma 
% parenchyma 
area in needle 
Area of 
tracheids 
% tracheid 
area in needle 
Area of 
parenchyma 
% parenchyma 
area in needle 
Area of 
fibers 
% fiber area 
in needle 
Area of 
resin ducts 
% resin duct 
area in needle 
Area of meso-
phyll cells 
% mesophyll 
cells in needle 
Area of 
resin ducts 
% resin duct 
area in needle 
Area of 
fibers 
% fiber area 
in needle 
Total % of 
fibrous cells 
Eastern White 
Pine 
124.012 
3.835 
3% 
664 
0.5% 
1,556 
1% 
2.189 
1% 
15.203 
12% 
6,297 
5% 
0 
0 
0 
0 
86.647 
-o% 
9.021 
7% 
0 
0 
16% 
S P E C I E S 
Eastern 
Hemlock 
334.641 
2,72b 
0.8% 
0 
0 
426 
0.1% 
1,266 
0.4% 
4,509 
1.3% 
4.298 
1.2% 
0 
0 
1.904 
6% 
302,424 
90% 
0 
0 
(] 
0 
2.2% 
Balsam Fir 
638,257 
4.475 
0.7% 
0 
0 
1.513 
0.2% 
20.480 
3% 
52.963 
8% 
6,806 
1% 
0 
0 
0 
0 
529.819 
85% 
22.199 
3% 
0 
0 
8.9% 
Red Spruce 
688.731 
2,310 
0.3% 
0 
0 
1.143 
0.2% 
1.102 
0.2% 
35,473 
5% 
31.736 
5% 
2,681 
0.4% 
0 
0 
563.854 
82%. 
17,740 
2% 
35,372 
5% 
10.9% 
* Measurements made at 100X 
factors 11 or 2.61, respectively 
or 430X in ocular units and converted to microns by the 
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The cells with widest diameters were sieve cells in balsam fir, 
followed by those of eastern white pine. Fibers were widest in red spruce, 
followed by those of eastern hemlock. Fiber-tracheids were widest in 
eastern hemlock, followed by those of red spruce. This cell type was 
apparently absent in balsam fir and eastern white pine leaves. The 
tracheids of red spruce and eastern hemlock were widest, followed by 
those of balsam fir and eastern white pine in that order. The lumen 
diameters were found to be greater in balsam fir and eastern white pine 
sieve cells. The lumen diameter of fibers was greatest in eastern hemlock, 
as was that of fiber-tracheids. The tracheids with widest lumina were 
those of balsam fir, with maxima of the other three species being much 
less. 
The greatest wall diameters were found in fibers, tracheids, and 
fiber-tracheids of red spruce and eastern hemlock, generally with little 
variation between species. Typical fibers were apparently lacking in 
eastern white pine, as were fiber-tracheids in balsam fir and eastern 
white pine. 
Analysis of Figs. 7 and 8 
In order to illustrate the structural features of the principal fibrous 
cells discussed in the text, drawings (all to the same scale) were prepared 
and labeled as shown in Figs. 7, 8, and 9. The longitudinal cell drawings 
were prepared from slurries (temporary mounts of unstained material) of 
bark and wood; the cross sections were drawn from permanent slides of 
stained material prepared by the paraffin method. It should be possible 
to differentiate among the four genera of conifers (Fig. 7) by observing 
the types of pit pairs occurring in the side walls of the tracheids at the 
ray crossings, i.e.: piciform in red spruce; cupressoid in eastern hemlock; 
taxodioid, in balsam fir; and window-like in eastern white pine. 
Typical bark fibers in red spruce, eastern hemlock, and balsam fir 
are illustrated in Fig. 8. (Data on cell length and diameter measurements 
are shown elsewhere in the text.) Eastern white pine is missing in Fig. 8 
because the bark of this species contains no fibers. 
Analysis of Table 5 
In these composite softwood samples, one objective was to determine 
the anatomical effect of the tree needles on the pulp characteristics. 
Regarding cell length, there appears to be a significant increase in cell 
TABLE 4 
SUMMARY OF NEEDLE FIBER MEASUREMENTS (IN MICRONS) OF FOUR MAINE CONIFERS* 
Cell Types** 
Species 
Balsam 
Kir 
Eastern 
Hemlock 
Kastern 
White 
Pine 
Red 
Spruce 
Min. 
Ave. 
Max. 
Min. 
Ave 
Max 
Min 
Ave. 
Max. 
Min. 
Ave. 
Max. 
S 
270.4 
832.1 
1690.11 
*** 
*** 
*** 
412.8 
1201.0 
3250.8 
b0b.3 
Cell Length 
F 
258.0 
482.5 
I00b.2 
.187.0 
2233.4 
4083.5 
*** 
*** 
*** 
851.4 
2333.b 
3b89.4 
FT 
*** 
*** 
*** 
374.1 
b28.2 
1102.9 
**, 
+ * * 
*** 
657.9 
1499.0 
3141.2 
T 
193.5 
517.3 
890.1 
258.0 
645.0 
1225.5 
219.3 
633.4 
1290.0 
455.1 
882.4 
3076.7 
S 
8 3 
28.7 
46.2 
*** 
*** 
*** 
9.9 
19.0 
36.3 
8.2 
Cell Diameter 
F 
5.6 
7.3 
9.9 
19.8 
21.1 
23.1 
*** 
*** 
*** 
18.2 
22.4 
26.4 
FT 
*** 
*** 
*** 
18.2 
25.1 
34.7 
*** 
*** 
*** 
16.5 
23.8 
29.7 
T 
4.(1 
1 1.9 
28.1 
8.3 
18.5 
26.4 
3.3 
9.3 
13.2 
9.9 
18.5 
24.8 
S 
6.6 
20.0 
39.6 
*** 
*** 
*** 
3.3 
11.3 
31.4 
5.0 
Lumen 
F 
1.7 
3.0 
5.0 
1.7 
4.6 
9.9 
*** 
*** 
*** 
1.7 
2.6 
3.3 
Diameter 
FT 
*** 
*** 
*** 
9.9 
17.2 
24.8 
*** 
*** 
*** 
1.7 
5.0 
13.2 
T 
1.7 
5.3 
20.8 
3.3 
4.6 
9.9 
1.7 
4.2 
6.6 
1.7 
3.0 
3.3 
S 
0.7 
2.3 
4.3 
*** 
*** 
*** 
2.6 
3.9 
7.6 
1.7 
Wall Diameter 
F 
1.3 
2.3 
3.0 
5.0 
8.3 
10.9 
*** 
*** 
*** 
8.3 
9.9 
11.6 
FT 
*** 
*** 
*** 
2.6 
4.0 
6.0 
*** 
*** 
*** 
6.6 
9.4 
12.5 
T 
1.3 
3.3 
8.0 
2.0 
7.0 
10.9 
1.0 
2.6 
5.0 
3.3 
7.8 
10.9 
* Sample taken from pulp slurry prepared by the sulfate process, pulped by the Chemical 
Engineering Department at the University of Maine, Orono. Fiber lengths based on 100 
random measurements at KIOX magnification; fiber diameters based on 25 random 
measurements at 400X magnification. 
** S — Sieve Cells; F = Fiber; FT = Fiber-Tracheid; T = Tracheid. 
*** The blanks in these columns do not necessarily mean the absence of this cell type in 
the needle. Rather, it indicates that no whole cells (only unbroken cells were measured) 
were encountered in the random slurry sample. 
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length in red spruce pulp when needles are present along with the wood, 
bark, stems, and branches. In eastern hemlock a slight increase is 
indicated, but in all other species listed the average fiber length appears 
to be greater when no needles are present. The averages are so close and 
the number of measurements so limited that it is doubtful if a valid 
conclusion can be drawn from these data. However, as will be shown in 
another part of this study (Table 4), needle fibers of red spruce and 
eastern hemlock are much longer than the averages shown in this 
composite and could conceivably be a significant factor in contributing 
to the average fiber length when needles are present. 
Regarding fiber diameter, there appears to be a slight increase in all 
but pine, when needles are present in the composite pulp. 
Cell lumen and cell wall diameters varied, with some increasing and 
some decreasing when needles are present in the pulp. 
However, in pine, when needles are absent in the pulp, the cell 
diameters were consistently greater, as were the lumen and cell wall 
diameters. In spruce, the reverse was consistently true. In fir and 
hemlock the results were less consistent but in general when cell wall 
diameters were less, the lumen and wall diameters were also less. 
Analysis of Table 6 
In keeping with the "Complete Tree Concept," where the whole tree 
may be rendered into pulp, it is of interest to know precisely the areas 
and percentages of the tissue regions composing the needles, twigs, 
branches, stems, and roots of the species being utilized. 
Cross- and longitudinal-sections of the twigs and/or small branches 
of four Maine conifers were prepared for analysis by the paraffin method 
(described earlier) and studied at the appropriate magnification with the 
aid of a compound microscope. Tissue region measurements were read in 
ocular units, converted to millimeters, and recorded in square 
millimeters. The results appear in Table 6. It is to be expected that the 
tissue region areas would necessarily vary with a multiplicity of factors 
regulating tree growth. The specimens recorded in this study represent 
individuals of average growth that might be found growing under 
ordinary forest conditions, where diameter increments were neither 
minimal nor excessive. 
It is evident from Table 6 that, in general, the percentage of the 
total stem occupied by pith is greater in younger than in older stems. 
This is true because the pith is a primary tissue and does not increase in 
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Fig. 7. Longitudinal- and cross-section drawings of tracheids from the 
macerated wood of four Maine conifers. 
LSA Experiment Station Technical Bulletin 71 
Symbols: (Figs. 7, 8, 9) 
BPR—Bordered pit pair, radial view 
BPT—Bordered pit, tangential view 
C —Closing membrane 
CP —Cupressoid pit pair in ray crossing 
L —Cell lumen 
PB —Pit border 
PC —Pit canal in fiber cell wall 
PM —Pit mouth 
PP —Piciform pit pair in ray crossing 
SP —Simple pit in fiber cell wall 
TO —Torus of bordered pit 
TP —Taxodioid pit pair in ray crossing 
TT —Tracheid-tracheid pit pair 
W — Cell wall 
WLP—Windowlike pit pair in ray crossing 
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Fig. 8. Longitudinal and cross-section drawings of fibers from the bark. 
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TABLE S 
FIBER DIMENSION STUDY (SOFTWOODS)* 
Averages in Microns 
Source of Fiber 
Eastern white pine wood and 
bark, stems and branches; 
no needles 
Eastern white pine wood and 
bark, stems and branches; 
with needles 
Length Diameter Diameter Diameter 
of CeU of Cell of Lumen of Cell Wall 
1147.584 32.868 23.232 4.8180 
1004.781 27.456 18.348 4.5672 
Balsam fir wood and bark, 
stems and branches; 
no needles 1218.018 25.740 15.972 4.8840 
Balsam fir wood and bark, 
stems and branches; 
with needles 1174.932 27.324 19.272 4.0260 
Red spruce wood and bark, 
stems and branches; 
no needles 953.826 21.516 10.4940 5.5308 
Red spruce wood and bark, 
stems and branches; 
with needles 1101.402 27.192 16.0380 5.5836 
Eastern hemlock wood and 
bark, stems and branches; 
no needles 1217.760 23.298 14.1240 4.608 
Eastern hemlock wood and 
bark, stems and branches; 
with needles 1238.787 26.400 13.9656 5.7816 
* Based on 100 random length measurements and 25 random diameter measurements. 
Pulp prepared by the Chemical Engineering Department, University of Maine, Orono, 
Maine. 
area when fully developed in young twigs. The pith soon becomes 
completely surrounded by the primary and secondary xylem, retaining its 
original diameter and position in the stem. In a vigorous one-year-old red 
spruce twig (Table 6), as much as 19% of the total area was found to be 
occupied by pith; in a four-year-old twig, the percentage had dropped to 
7.3%. Similarly, in a one-year-old eastern white pine twig the percentage 
occupied by the pith was 9.1%; in a six-year-old twig the percentage had 
dropped to 1.1%. The decrease in percentage of pith is due in part to 
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cambial activity (forming secondary xylem and phloem peripheral to it) 
and in part to the persistence of a rather large cortex area. 
The primary phloem, unlike the pith, is of short duration, soon 
becoming crushed and/or absorbed. It was difficult to distinguish and 
measure. It occupied from 0 to 7.4% of the conifer stem cross-section in 
Table 6. 
The only other primary tissue region of the stems recorded in Table 
6, is the cortex, already mentioned. It occupied from about 4 to 80% of 
the cross-section area. The extreme variation is probably due to growth 
factors. The cortex may persist as a living tissue for as long as 50 years in 
pine, during which time the bark remains essentially smooth (Brown, 
1915). It disappears with successive periderm formation when a rough 
cork bark, or rhytidome, develops. Usually cortical cells become 
tangentially flattened due to cambial activity internal to them. This 
adjustment allows for increase of secondary tissues without a 
corresponding increase of total stem diameter, at least for a little while. 
The area of the cortex in young stems is matched only by that of 
secondary xylem. It far excedes that of any other primary tissue. 
The secondary xylem, or wood, occupies the largest area of the stem 
and this tissue increases rapidly with age. It, along with the secondary 
phloem, or inner bark, originates in the cambium and increases 
periodically for the life of the tree. Xylem is the chief fibrous tissue and 
therefore the most valuable part of the tree, not only for pulp but lumber 
as well. 
Secondary phloem comprises from about 2 to 22% of the cross 
section area of the conifers tabulated in Table 6. It may contain fibrous 
cells useful in paper-making but it usually (except in pine) also contains 
numerous masses of sclereids, or stone cells, which show up as 
translucent spots in paper and are highly undesirable in the high grade 
product. In pulp destined for hardboard or similar products, however, 
these masses of thick-walled cells might not detract from the product. In 
fact, it is possible that they would act as a filler and lend firmness to the 
product, but not tensile strength or flexibility, due to their extremely 
thick walls and small lumina. 
Cork bark, the last tissue to be discussed, originates from a cork 
cambium, or phellogen, which develops from cortical, or eventually, 
secondary phloem parenchyma near the periphery of the stem. Cork cells 
are not fibrous and they add little to the paper except possibly as a filler. 
In the four conifers tabulated in Table 6, cork bark formed from 0 to 
20% of the stem cross-sections. As mentioned previously, successively 
formed cork cambia form periderms in old phloem and become part of 
the rhytidome. 
TABLE 6 
AREAS (MILLIMETERS2) AND PERCENTAGES OF TISSUE REGIONS, TWIG AND YOUNG BRANCH CROSS SECTIONS, 
OF FOUR MAINE CONIFERS 
Species 
Red Spruce 
Red Spruce 
Red Spruce 
Balsam Fir 
Balsam Fir 
E. Hemlock 
E. Hemlock 
E. Hemlock 
E. Hemlock 
E. White Pine 
E. White Pine 
E. White Pine 
E. White Pine 
E. White Pine 
E. White Pine 
Age 
(yrs.) 
1 
1 
4 
2 
4 
1 
2 
2 
3 
1 
2 
2 
3 
5 
6 
Pith 
Area 
mm-
1.51 
5.94 
0.168 
0.342 
0.465 
0.055 
0.137 
0.238 
0.184 
1.15 
0.608 
0.520 
0.168 
0.320 
0.465 
% 
17 
19 
7.3 
6.7 
1.9 
1.5 
2.1 
1.6 
0.9 
9.1 
3.9 
3.6 
0.9 
1.3 
1.1 
Xjlem 
Area. 
mm" 
0.804 
8.22 
0.174 
1.52 
7.20 
1.41 
3.22 
8.36 
13.8 
4.51 
7.38 
7.36 
11.6 
;;.o 
26.2 
(Pri.&Sec) 
% 
9.3 
2b 
7.5 
30 
29 
38 
50 
55 
65 
36 
47 
52 
59 
bl 
bl 
Primary 
Area 
mm^ 
0 
0.147 
0.047 
0.110 
0.549 
0 
0.218 
1.13 
1.19 
0.473 
0.675 
0 
0 
0 
0 
Phloem 
% 
0 
0.5 
2 
2.2 
2.2 
0 
3.4 
7.4 
5.6 
3.8 
4.3 
0 
I) 
0 
0 
Secondary 
Area 
mm? 
0.181 
1.51 
0.076 
0.402 
1.76 
0.620 
1.19 
3.28 
3.36 
1.00 
1.56 
1.97 
3.28 
4.23 
7.29 
Phloem 
% 
2.1 
4.7 
3.3 
7.9 
7.1 
17 
19 
22 
lb 
7.9 
9.9 
14 
17 
17 
17 
Cortex 
Area 
mm* 
6.17 
15.9 
1.85 
1.74 
10.1 
0.929 
0.889 
0.712 
0.826 
5.04 
4.68 
4.01 
3.68 
3.79 
7.91 
% 
71 
49 
80 
34 
41 
25 
14 
4.7 
3.9 
40 
30 
28 
19 
15 
18 
Cork Bark 
Area 
mm, 
0 
0.440 
0 
1.00 
4.61 
0.714 
0.766 
1.48 
1.96 
0.412 
0.860 
0.439 
1.03 
1.34 
1.02 
% 
0 
1.4 
0 
20 
19 
19 
12 
9.7 
9.2 
3.3 
5.5 
3.1 
5 
5.4 
2.4 
Total 
Area 
mm* 
8.663 
32.17 
2.312 
5.113 
24.71 
3.724 
6.421 
15.20 
21.34 
12.59 
15.76 
14.30 
19.75 
24.71 
42.89 
Area and Percent 
Area of Pith 
Area of Fibers in Pith 
% Fibers in Pith 
Area of Xylem 
Area of Tracheids in Xylem 
% Tracheids in Xylem 
Area of Secondary Phloem 
Area of Sieve Cells 
in Secondary Phloem 
% Sieve Cells in Secondary Phloem 
Area of Primary Phloem 
Area Fibers in Primary Phloem 
% Fibers in Primary Phloem 
Area of Cortex 
Area Fibers in Cortex * 
% Fibers in Cortex 
Area of Cork Bark 
Area Fibers in Cork Bark 
% Fibers in Cork Bark 
Area of Entire Stem 
Area Fibrous Cells in Entire Stem 
% Fibrous Cells in Entire Stem 
Eastern White Pine 
1 Year 
646,349.1 
None 
0 
1,947,602.4 
1,869,698.3 
96 
883,081.0 
441,540.5 
50 
Trace 
4,871,830.6 
None 
0 
128,438.5 
None 
0 
8,477,301.7 
2,311,238.8 
28 
TABLE 7 
LS IN THE TISSUE REGIONS OF FOUR MAI 
Red Spruce * 
1 Year 
1,461,273.7 
None 
0 
1,566,703.7 
1.331,698.2 
85 
458,529.0 
302,629.2 
66 
30,842.0 
30,842.0 
100 
8,781,994.2* 
42,981.4* 
5* 
None 
None 
0 
12,751,180.0 
2,407,001.3 
19 
Species and Age 
Eastern Hemlock 
1 Year 
104,699.4 
None 
0 
1,446,675.2 
1,432,208.5 
99 
512,341.6 
307,404.9 
60 
63,379.0 
63,379.0 
100 
1,016,907.1 
None 
0 
88,331.1 
None 
0 
3,168,954.4 
1,739,613.4 
55 
Balsam Fir 
2 Years 
170,467.4 
None 
0 
1,549,461.3 
1,394,815.2 
90 
508,333.8 
233,833.5 
46 
33,518.9 
33,518.9 
100 
713,384.9 
None 
0 
410,244.6 
None 
0 
3,351,892.1 
1,662,167.6 
49 
•Contains Hypodermis — 698,750.5 microns 2(100% Fibers), and Epidermis, 334,835.9 microns2(No Fibers). 
3b LSA Experiment Station Technical Bulletin 71 
Analysis of Table 7 
The areas (microns2) and percentages of fibrous cells in the tissue 
regions of four Maine conifer stems were determined from microscopic 
cross-sections. 
A glance at Table 7 will show that no fibers occur in either the pith 
or the cork bark of one-or-two-year old twigs of the four species studied. 
Fibers are also absent in the cortex of all species except in red spruce 
(5%), where they are confined to a narrow irregular zone in the 
hypodermis. 
Primary phloem of eastern white pine contains no fibers, but the 
other species contain 100% fibers. However, since the primary phloem 
area in all four species is small, 7.4% or less (Table 7), the total mass of 
fibers contributed by this tissue region is exceedingly small. 
From 46 to 66% of the secondary phloem is fibrous, being composed 
of sieve cells. Although no typical fibers occur in the secondary phloem, 
it will be recalled that sieve cells are considered "fibrous'' according to 
the definition stated earlier in the text because it is believed that these 
cells may contribute to the usable fibrous mass. 
From 85 to 99% of the xylem of the four conifers studied is fibrous, 
consisting of tracheids. Since the percentage of xylem in the stems is high 
(Table 7), it is clear that xylem tracheids make up the bulk of the fibrous 
mass and is therefore the most important tissue region in the stem. 
Analysis of Table 8 
Areas and percentages of tissue regions in young roots (2 yrs.) of 
four Maine conifers were computed from cross-sections (in microns) 
prepared by the paraffin method. Data are based on roots from a single 
tree of each species (eastern white pine, eastern hemlock, red spruce, and 
balsam fir). Results are tabulated in Table 8. Although results would be 
expected to vary widely between roots of the same age within the same 
species, due to growth factors, it is evident that the xylem made up the 
greater proportion of the tissue regions even in these very young roots. 
Eastern white pine, with 53% xylem leads the group, followed closely by 
balsam fir (49%). Red spruce (41%) was intermediate and eastern 
hemlock (22%) was the lowest. The percentage of secondary phloem 
varied considerably, as did that of cork bark. However, considerably 
more cork bark was present in balsam fir (36%) and red spruce (24%) 
than in eastern hemlock (3%) and eastern white pine (1%). 
4 In eastern hemlock the pericycle was exceptionally wide, composing 70% of the cross-
section area. 
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The pericycle occupied a considerable portion of these young roots, 
with the greatest percentage in eastern hemlock (70%) followed by 
eastern white pine (28%), red spruce (18%), and balsam fir (7%). 
The primary phloem was represented in all species only as traces of 
collapsed cells. 
The epidermis and cortex are absent from the table because they 
were sloughed off due to early periderm formation in the pericycle. 
Analysis of Table 9 
The areas (microns2) and percentages of the cell types in the tissue 
regions of the roots of the four Maine conifers tabulated in Table 8 are 
given in Table 9. 
It will be seen that tracheids make up from 80 to 86% of the xylem, 
with ray cells accounting for from 12 to 20%. Axial parenchyma range 
from 0 to 2%. Resin ducts make up 2% of the xylem of eastern white 
pine and 2% of that of red spruce; they are absent in eastern hemlock, 
and balsam fir. Sieve cells, axial parenchyma, and ray cells, comprise the 
secondary phloem, all contributing appreciably. Red spruce phloem 
contains 2% resin ducts; the other species 0%. The primary phloem 
persists only as traces of collapsed cells. The pericycle consists of nearly 
100% parenchyma. Cork bark consists of the usual periderm layer with 
no fibrous cells of any kind. 
Analysis of Table 10 
Cross-section areas of individual cells (microns2,1 in the tissue regions 
of four Maine conifer roots were made and tabulated in Table 10. The 
areas appearing in the Table are averages computed from measurements 
taken from the outer, middle, and inner portions of the tissue regions 
composing the roots. It was found that, in general, resin ducts had 
greater cross-sectional areas than any cell type but they were occasionally 
equaled or exceeded by pericyclic parenchyma. Actually, resin ducts are 
not cells but are canals lined with parenchyma, or epithelial cells. They 
were included because of the space they occupied in the tissues of which 
they were a part. The pericyclic parenchyma were the largest of the cell 
types, followed by ray cells, in general, and xylem tracheids. Since ray 
cells are oblong, with their greatest dimension radial, the measurements 
here indicated are greater than would be the case if they were made from 
tangential sections. Axial parenchyma and cork bark cells were smaller 
than others discussed above. Sieve cells of the secondary phloem had the 
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TABLE 8 
AREAS (MICRONS2)* AND PERCENTAGES OF TISSUE REGIONS IN 
YOUNG ROOT CROSS-SECTIONS OF FOUR MAINE CONIFERS 
Red 
Spruce 
(2yr) 
646,349 
41% 
246,695 
16% 
Trace 
280,849 
18% 
377,923 
24% 
1,551,816 
100% 
Balsam 
Fir 
(2yr) 
837,340 
49% 
112,049 
6% 
Trace 
118,874 
7% 
621,829 
36% 
1,690,092 
100% 
* Areas determined from microscopic slides of root cross-sections. 
TABLE 9 
PERCENTAGES OF CELL TYPES IN THE TISSUE REGIONS 
OF FOUR MAINE CONIFER ROOTS 
Determined from microscopic slides of root cross-sections 
from a single tree of each species 
TISSUE 
REGION 
XYLEM 
SECONDARY 
PHLOEM 
PRIMARY 
PHLOEM 
PERICYCLE 
CORK 
BARK 
CELL TYPE 
or 
STRUCTURE 
tracheids 
ray cells 
axial 
parenchyma 
resin ducts 
sieve cells 
axial 
parenchyma 
ray cells 
resin ducts 
sieve cell 
parenchyma 
fibers 
resin ducts 
cork bark 
cells 
S P E C I E S 
Eastern Eastern Red Ualsam 
White Hemlock Spruce Fir 
Pine(2yr.) (2 yr.) (2 yr.) (3yr.) 
84% 80% 82% 86% 
14% 20% 16% 12% 
0% 0% 0% 2% 
2% 0% 2% 0% 
39% 50% 49% 16% 
27% 21% 27% 25% 
34% 27% 22% 59% 
0% 0% 2% 0% 
trace trace trace trace 
100% 100% 100% 100% 
0% 0% 0% 0% 
0% 0% 0% 0% 
100% 100% 100% 100% 
FROM A SINGLE TREE OF EACH SPE( 
S P E C I E S 
TISSUE 
REGION 
Xylem 
Secondary 
Phloem 
Primary 
Phloem 
Pericycle 
Cork 
Bark 
Entire 
Root 
Area 
% 
Area 
% 
Area 
% 
Area 
% 
Area 
% 
Area 
% 
Eastern 
White 
Pine (2yr) 
686,267 
53% 
232,073 
18% 
Trace 
— 
369,815 
28% 
14,336 
1% 
1,302,490 
100% 
Eastern 
Hemlock 
(2yr) 
351,125 
22% 
52,562 
3% 
Trace 
— 
1,099,511 
70% 
52,295 
3% 
1,555,350 
100% 
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TABLE 10 
CROSS-SECTION AREA OF INDIVIDUAL CELLS (MICRONS2) in 
THE TISSUE REGIONS OF FOUR MAINE CONIFER ROOTS* 
* Measurements made at 430X maginification. Determined from microscopic slides of root 
cross-sections from a single tree of each species. 
** Measurements of resin ducts were included even though these structures are composed 
of a number of cells. 
smallest cross-section area of all; cells of the primary phoem appeared as 
mere traces of collapsed cell walls. Since no fibers were present in these 
young (2- or 3-year-old) roots, the principal larger cell types contributing 
to the fibrous mass are in the xylem, followed by a lesser amount of 
smaller secondary phloem sieve cells. 
Analysis of Fig. 9 
Figure 9 illustrates some of the variation to expect in hardwood bark 
fibers. Those with extremely thick walls and narrow lumina are usually 
gelatinous fibers. Since considerable variation exists in bark fibers of a 
TISSUE 
REGION 
XYLEM 
CELL TYPE 
or 
STRUCTURE 
tracheid 
ray cell 
axial 
parenchyma 
resin duct** 
SECONDARY sieve cell 
PHLOEM 
PRIMARY 
PHLOEM 
PERICYCLE 
axial 
parenchyma 
ray cell 
resin duct** 
sieve cell 
parenchyma 
fiber 
resin duct** 
CORK BARK cork bark 
cell 
S P E C I E S 
Eastern 
White 
Pine (2 yr.) 
104.9 
152.9 
— 
1165.8 
57.9 
126.6 
320.8 
— 
trace 
1021.1 
— 
— 
182.4 
Eastern 
Hemlock 
(2yr.) 
163.6 
180.6 
— 
— 
34.2 
148.5 
628.0 
— 
trace 
645.4 
— 
— 
128.0 
Red 
Spruce 
(2yr.) 
140.7 
294.7 
— 
1417.5 
80.7 
155.8 
269.4 
890.8 
trace 
516.8 
— 
— 
187.9 
Balsam 
Fir 
(3 yr.) 
208.5 
160.3 
8h.4 
— 
17.2 
193.7 
557.3 
— 
trace 
1347.5 
— 
— 
107.5 
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Fig. 9. Longitudinal- and cross-section drawings of fibers from the bark 
of six Maine hardwoods. 
(For 
TABLE 11 
AREAS (MICRONS2) AND PERCENTAGES OF TISSUE REGIONS IN STEM CROSS-SECTIONS 
OF SIX MAINE HARDWOODS 
Species and Age 
Area and Percent 
Pith 
Xylem 
Secondary 
Phloem 
Primary 
Phloem 
Cortex 
Cork Bark 
Entire 
Area (microns ) 
Radius (microns) 
% of Entire Stem 
Area (microns ) 
Radius (microns) 
% of Entire Stem 
Area (microns ) 
Radius (microns) 
% of Entire Stem 
Area (microns ) 
Radius (microns) 
% of Entire Stem 
Area (microns ) 
Radius (microns) 
% of Entire Stem 
Area (microns ) 
Radius (microns) 
% of Entire Stem 
Area (microns ) 
Radius (microns) 
Red Maple 
3 Years 
41,566,627.6 
1,154.7 
31% 
75,955,186.1 
4,697.0 
55% 
4,242,268.8 
386.6 
3% 
1,707,970.5 
— 
1% 
13,138,234.5 
326.8 
9% 
1,840,800.8 
44.5 
1% 
137,176,590.2 
6,609.6 
Speckled Alder 
2 Years 
1,213,863.5 
621.5 
1% 
58,941,796.7 
3,755.4 
79% 
5,193,572.8 
181.5 
7% 
1,004,531.1 
38.6 
1% 
5,208,214.4 
177.0 
8% 
3,030,266.4 
99.0 
4% 
74,594,245.1 
4,873.0 
Quaking 
Aspen 
4 Years 
959,348.5 
605.0 
2% 
50,270,180.5 
3,434.2 
79% 
6,932,984.0 
283.8 
11% 
581,840.0 
— 
1% 
3,976,661.5 
144.1 
6% 
1,241,058.3 
44.0 
1% 
63,899.072.9 
4,511.1 
Pin Cherry 
2 Years 
1,326,562.5 
625.0 
1% 
95,862,964.2 
4,943.4 
57% 
40,372,734.2 
1,050.5 
24% 
None 
— 
0% 
16,975,467.8 
396.5 
10% 
13,335,266.2 
296.4 
8% 
167,871,994.9 
7,311.8 
Slender 
Willow 
5 Years 
524,160.0 
175.5 
1% 
77,702,897.7 
4,815.8 
72% 
15,453,386.7 
470.8 
14% 
986,876.4 
— 
1% 
8,981,887.2 
280.5 
8% 
4,394,001.3 
74.8 
1% 
107,934,209.2 
5,817.4 
Gray Birch 
4 Years 
330,069.2 
302.5 
1% 
44,656,654.3 
3,482.6 
78% 
5,581,470.2 
220.0 
10% 
None 
— 
0% 
3,198,807.3 
170.5 
5% 
3,440,686.3 
91.3 
6% 
57,197,687.4 
4,264.9 
Stem 
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given species, it is difficult to illustrate a "typical" bark fiber. However, 
those portrayed in Fig. 9 may be considered as representative of the 
general fiber mass. Symbols for drawings are included with those for 
Figs. 7 and 8. 
(Data on cell length and diameter measurements are shown 
elsewhere in the text.) 
Analysis of Table 11 
The results of a study of areas and percentages of tissue regions in 
stem cross-sections of six Maine hardwoods are tabulated in Table 11. 
It will be observed from the table that primary phloem, cork bark, 
and pith (one exception) occupy only a small percentage of the stem 
cross-section. The pith of red maple is exceptionally large, composing 
31% of the stem cross-section. The percentage of cortex in the stem is 
rather low, varying between a low of 5% in gray birch to a high of 10% in 
pin cherry. Considerable variation also is shown in the percentage of 
secondary phloem tissue, with a low of 3%, in red maple, to a high of 
24% in pin cherry. Considering the entire stem cross-section, the bulk of 
the tissue is xylem, with a low of 55% in red maple, and a high of 79% in 
speckled alder and quaking aspen. 
Analysis of Table 12 
A study was made of the areas and percentages of fibers in the 
tissue regions of six Maine hardwood stems. The results are tabulated in 
Table 12. No fibers were found in either the pith or the cork bark. 
Cortical fibers are absent in red maple, speckled alder, quaking aspen, 
and slender willow, but 9% of the cortex of pin cherry and 19% of gray 
birch is composed of fibers. The primary phloem of pin cherry and gray 
birch lack fibers, but that of the other species is as follows: red maple, 
quaking aspen, and slender willow, 100%; speckled alder, 72%. The 
percentage of fibers in the secondary phloem varied greatly as follows: 
speckled alder, pin cherry, and gray birch, 0%; red maple, 9%; quaking 
aspen, 12%; and slender willow, 32%. By far the largest percentage of 
fibers is found in the xylem area. The percentages vary between 52% and 
71%, with speckled alder highest and quaking aspen lowest. Even though 
the percentage of fibers in three species is 100% of the tissue region, the 
total percentage of primary phloem (Table 11) is only 1% of the whole 
stem cross-section. Thus, the mass of fibers contributed by the primary 
phloem in these pulped species is exceedingly small. Considering the 
entire stem cross-sections, the percentage of fibers in the six hardwoods 
ranged from a high of 57% in speckled alder, to a low of 39% in red 
maple and pin cherry. 
TABLE 12 
AREAS (MICRONS2) AND PERCENTAGES OF FIBERS IN THE TISSUE REGIONS OF SIX MAINE HARDWOOD STEMS 
Species and Age 
Area and Percent 
Area of Pith 
Area of Fibers in Pith 
% Fibers in Pith 
Area of Xylem 
Area of Fibers in Xylem 
% Fibers in Xylem 
Area of Secondary Phloem 
Area of Fibers in 
Secondary Phloem 
Red 
Maple 
10 Years 
41,566,627.6 
None 
0% 
75,955,186.1 
51,649,526.5 
68% 
4,242,268.8 
381,804.2 
% Fibers in Secondary Phloem 9% 
Area of Primary Phloem 
Area of Fibers 
in Primary Phloem 
% Fibers in Primary Phloem 
Area of Cortex 
Area of Fibers in Cortex 
% Fibers in Cortex 
Area of Cork Bark 
Area of Fibers in Cork Bark 
% Fibers in Cork Bark 
Area of Entire Stem 
Area of Fibers in Entire Stem 
% Fibers in Entire Stem 
1,707,970.5 
1,707,970.5 
100% 
11,430,264.0 
None 
0% 
1,840,800.8 
None 
0% 
137,176,590.2 
53,739,301.2 
39% 
Speckled 
Alder 
3 Years 
1,213,863.5 
None 
0% 
58,941,796.7 
41,497,276.0 
71% 
5,193,572.8 
None 
0% 
1,004,531.1 
721,995.2 
72% 
5,280,214.4 
None 
0% 
3,030,266.4 
None 
0% 
74,594,245.1 
42,219,271.2 
57% 
Quaking 
Aspen 
4 Years 
959,348.5 
None 
0% 
50,270,180.5 
26,140,493.9 
52% 
6,932,984.0 
831,958.1 
12% 
518,840.0 
518,840.0 
100% 
3,976,661.5 
None 
0% 
1,241,058.3 
None 
0% 
63,899,072.9 
27,491,292.0 
43% 
Pin 
Cherry 
2 Years 
1,326,562.5 
None 
0% 
95,862,964.2 
65,186,815.6 
68% 
40,372,734.2 
None 
0% 
Trace 
— 
0% 
16,975,467.8 
1,527,792.1 
9% 
13,335.266.2 
None 
0% 
167,871,994.9 
66,714,707.7 
39% 
Slender 
Willow 
5 Years 
524,160.0 
None 
0% 
77,702,897.7 
53,614,799.4 
69% 
15,453,368.7 
4,945.083.7 
32% 
986,876.4 
986,876.4 
100% 
8,981,887.2 
None 
0% 
4,394,001.3 
None 
0% 
107,943,209.2 
59,546,959.5 
55% 
Gray 
Birch 
4 Years 
330,069.2 
None 
0% 
44,656,654.3 
28,133,692.2 
63% 
5.581,470.2 
None 
0% 
Trace 
— 
0% 
3,198,807.3 
607,773.4 
19% 
3,440,686.3 
None 
0% 
57,197,687.4 
28,541,465.6 
49% 
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Analysis of Table 13 
A fiber dimension study was made on six Maine hardwoods of 
different ages and different locations in the tree. The results are 
tabulated in Table 13. 
In the gray birch stems with bark (ages 10, 20, 30 yrs.) fiber cell 
length consistently increased with age (870.36, 875.52, 981.82 microns, 
respectively). There was a general slight increase in cell diameter, cell 
lumen, and cell wall diameter from age 10 years to age 30 years except 
that at age 20 years the figures are lower than at age 10 years in all cases. 
This non-conformity is not explained but might have been due to some 
growth factor of the environment. In the quaking aspen stems with bark, 
all from the same tree, (ages 8 yrs., top of tree; 16 yrs., upper bole; 45 
yrs., lower bole; and 60 yrs., base of tree) there was a consistent increase 
in fiber length with age from 668.22 microns at age 8 years to 986.98 
microns at age 60 years. Cell wall diameters showed a slight but 
consistent increase with age (4.039 to 4.897 microns). Cell and lumen 
diameters were both less at 8 years of age than at 60 years, but the 
intermediate ages showed no such trends. 
All the other data in Table 13 were secured from 8-year-old stems 
(bark only) of the six hardwoods listed. 
Bark fiber length varied from 929.44 microns (the longest), in pin 
cherry to 748.33 microns (the shortest), in red maple. The intermediates 
were closer to the upper than to the lower measurement figures. 
Fiber cell diameters varied from 23.80 microns (the widest), in 
quaking aspen to 13.73 microns (the narrowest), in speckled alder. The 
intermediates were closer to the lower than to the upper measurement 
figures. 
Cell lumen diameters varied from 7.15 microns (the widest), in 
slender willow, to 0.422 (the narrowest), in speckled alder. With the 
exception of gray birch (4.75 microns), the other cell lumina were less 
than 3 microns in diameter. Cell wall diameters varied from 11.06 
microns (the greatest diameter) in quaking aspen, to 3.46 microns (the 
smallest diameter), in slender willow. The intermediates varied from less 
than 5 to about 7 microns. 
A study was made from the slurry of these same Maine hardwoods 
of different ages, in an attempt to determine the effect of age on pulping 
qualities of a given species. Three gray birch trees (ages 10, 20, and 30 
yrs.) were felled, and the stump portion near the ground level (stem wood 
with bark), was selected for this study. The material was pulped and 
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TABLE 13 
FIBER DIMENSION STUDY (HARDWOODS)* 
Averages in Microns 
Source of Fiber Length Diameter Diameter Diameter 
of Cell of Cell of Lumen of Cell Wall 
Gray birch stem with bark 
lOyrs. old 
Gray birch stem with bark 
20 yrs. old 
Gray birch stem with bark 
30 m . old 
Gray birch stem bark 
8 yrs. old 
Pin cherry stem bark 
8 yrs. old 
Quaking aspen stem with bark 
8-yr. old top of tree 
Quaking aspen stem with bark 
Ib-yr. old upper bole 
Quaking aspen stem with bark 
45-yr. old lower bole 
Quaking aspen stem with bark 
60-yr. old base of tree 
Quaking aspen stem bark 
8 yrs. old 
Red maple stem bark 
8 yrs. old 
Slender willow stem bark 
8 >TS. old 
Speckled alder stem bark 
8 yrs. old 
870.36 
875.52 
981.82 
804.31 
929.44 
668.22 
716.72 
938.35 
986.98 
774.77 
748.329 
915.38 
22.176 
19.734 
22.704 
14.784 
15.850 
21.648 
27.852 
24.024 
27.324 
23.800 
16.368 
14.124 
12.738 
11.722 
12.078 
4.752 
.9108 
12.738 
18.454 
14.388 
17.556 
1.676 
2.534 
7.154 
4.844 
4.224 
5.346 
4.673 
7.063 
4.039 
4.646 
4.844 
4.897 
11.062 
7.062 
3.458 
818.892 13.728 .4224 6.613 
* Based on 100 random length measurements and 25 random diameter measurements. 
Pulp prepared by the Chemical Engineering Department, University of Maine. Orono, 
Maine. 
converted into handsheets in the Pulp and Paper Laboratory. The yield 
and strength factor was the same for all three ages of birch. 
Another study was made in order to determine the effect on pulp 
quality of location of wood and bark in the tree. Aspen stems with bark 
(8-yr.-old top of tree, 16-yr.-old upper bole, 45-yr.-oId lower bole, and 
60-yr.-old base of the same tree) were pulped, and tested for quality. 
The 8-yr.-old stems produced the lowest yield (37%) and the lowest 
TABLE 14 
AREAS (MICRONS2) AND PERCENTAGES OF TISSUE REGIONS IN ROOT CROSS-SECTIONS 
OF SIX MAINE HARDWOODS 
Area and Percent 
Xylem 
Secondary 
Phloem 
Primary 
Phloem 
Pericycle 
Cork 
Bark 
Entire 
Root 
Area 
Radius 
Red 
Maple 
3 Years 
85.265,378.8 
5,210.7 
% of Entire Root 76% 
Area 
Radius 
14,168,050.0 
416.9 
% of Entire Root 13% 
Area 
Radius 
None 
— 
% of Entire Root 0% 
Area 
Radius 
8,054,285.9 
224.9 
% of Entire Root 7% 
Area 
Radius 
4,657,280.0 
123.7 
% of Entire Root 4% 
Area 
Radius 
112,144,994.6 
5,976.2 
Speckled 
Alder 
2 Years 
97.047,765.0 
5,559.4 
82% 
14,112,665.8 
390.5 
12% 
13,196.3 
— 
1% 
5.646,619.6 
149.6 
3% 
2.158.784.9 
56.1 
2% 
118,979,031.8 
6.155.6 
Species and Age 
Quaking 
Aspen 
2 Years 
10,094,625.9 
1,793.0 
48% 
3,119,651.5 
273.9 
15% 
417,268.7 
— 
1% 
6,954,478.3 
467.5 
32% 
977,653.1 
60.5 
4% 
21,146,348.9 
2,594.9 
Pin 
Cherry 
6 Years 
39,149,491.7 
3.531.0 
65% 
12,976,503.3 
543.4 
22% 
None 
— 
0% 
3.898,437.6 
149.6 
6% 
4.129,312.3 
152.9 
7% 
60,153,744.9 
4.376.9 
Slender 
Willow* 
4 Years 
34,517,948.3 
3,330.8 
54% 
11,169,912.5 
470.8 
17% 
Trace 
— 
0% 
16,805,242.9 
671.0 
26% 
1.641.545.7 
82.5 
2% 
64.454,579.1 
4.554.1 
Gray 
Birch 
14 Years 
376,301,329.8 
10,947.2 
77% 
28,181.208.7 
1,728.1 
6% 
None 
— 
0% 
79.487,808.1 
844.8 
16% 
3,716,865.4 
160.0 
1% 
487,687,212.0 
13,680.1 
* Willow xylem contains pith ray flecks, 317,929.6 (microns ) per root, which is .5% of the entire root. 
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strength. The 60-yr.-old base of the tree produced the highest yield (49%) 
and the highest strength. 
Analysis of Table 14 
The results of a study on areas and percentages of tissue regions in 
root cross-sections of six Maine hardwoods are presented in Table 14. 
The tissue region composing the highest percentage of the six 
hardwood cross-sections studied is xylem, ranging from the highest (82%) 
in speckled alder, to the lowest (48%) in quaking aspen. The primary 
phloem is the smallest tissue region (0 or 1%), followed by cork bark (1 to 
7%). The pericycle and secondary phloem average about 15% each. 
When these data are related to those of Table 15, it will be shown that 
the xylem is the chief fibrous area of the root. 
Analysis of Table 15 
In order to determine the precise locations of the fibers in the root, a 
study was made of the tissue regions of six Maine hardwoods. The results 
of the study are given in Table 15. 
In general, about one-half to three-fourths of the xylem is composed 
of fibers. The cork bark contains no fibers. One-hundred percent of the 
primary phloem consists of fibers in speckled alder and quaking aspen, 
but the other species contain none. Twenty-two percent of the pericycle 
of pin cherry is fibrous; that of slender willow, 7%. The other species 
contain none. 
From 0% to 27% of the secondary phloem is fibrous, with slender 
willow containing the highest percentage. Considering the entire root, 
speckled alder leads the group with 63% fibers, with slender willow 
lowest at 33%. 
The significance of the above data is not realized until correlated 
with the areas and percentages of tissue regions in the roots (Table 14). 
For instance, even though 100% of the primary phloem of speckled alder 
and quaking aspen is fibrous, the phloem area composes only 1% of the 
entire root cross-section. Thus, the total mass of fibers in pulped roots of 
these species contributed by the primary phloem is exceedingly small. In 
contrast, the total fiber mass of the xylem region would be large because 
of the relatively high percentage of fibers in the xylem region and also 
because of the high percentage of xylem tissue, especially in speckled 
alder (83%) in the roots (Table 14). 
Considering the entire root cross-sections, the percentage of fibers in 
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the six hardwoods ranged from a high of 63% in speckled alder, to a low 
of 33% in slender willow. 
Not only is it desirable to know the percentage of tissue regions in a 
root, but from the pulp and paper standpoint, it is essential to know the 
percentage of fibrous cells in each of these regions. Utilizing the same 
microscope slides used in determing the percentage of tissue regions, the 
following procedure was followed in measuring the fiber areas: in the 
xylem and phloem, the sample areas were conveniently considered as 
wedges of tissue extending radially across one growth ring and occupying 
the space between two tangentially adjacent rays. At least four of these 
wedges were measured and the average area was computed, including 
one radial file of ray cells. Several fibers in these areas were then 
measured and averages computed to obtain the cross-section area. The 
next step was to obtain the average number of fibers in each wedge of 
tissue. (Two small overlapping fibers were considered as one because they 
occupied an equivalent space.) By multiplying the number of fibers by 
the area of an average fiber, the total fiber area of each wedge of tissue 
was obtained. The percentage of the wedge area occupied by fibers was 
obtained by dividing the fiber area by the total area. (The non-fibrous 
area consists of axial and ray parenchyma, resin ducts, and air space.) 
The area of the fibers in the pericycle was obtained by measuring the 
cross-section areas of the fibrous mass and dividing it by the total 
pericycle area. The cork bark contained no fibers. The pith in roots is 
lacking and the cortex sloughs off at an early date; hence, these regions 
are lacking in this analysis. 
An analysis tabulating the data on percent fibers in regions of the 
roots of six Maine hardwoods is presented in Table 15. It is clear that the 
bulk of fibrous cells is found in the xylem (48-79%) followed by those in 
the phloem (0-27%). In pin cherry the pericycle contains a significant 
percentage of fibrous cells (22%), but the other species contain only from 
0-7%. From the pulp standpoint, the percentage of fibers in the total root 
is significant. They range from a low of 30% in gray birch to a high of 
63% in speckled alder. 
Analysis of Table 16 
A bark fiber dimension study was made of the stems, branches, and 
roots of six Maine hardwoods in order to compare their cell dimensions. 
The results are tabulated in Table 16. 
Of the six species studied, the bark fibers of slender willow branches 
were the longest (ave. 2168.10 microns), followed by those of slender 
TABLE 15 
AREAS (MICRONS2) AND PERCENTAGES OF FIBERS IN THE TISSUE REGIONS OF SLX MAINE HARDWOOD ROOTS 
Species and Age 
Area and Percent 
Area of Xylem 
Area of Fibers in Xylem 
% Fibers in Xylem 
Area of Secondary Phloem 
Area of Fibers in 
Secondary Phloem 
Red 
Maple 
3 Yean 
85,265,378.1 
47,748,612.1 
56% 
14,168,050.0 
566,722.0 
% Fibers in Secondary Phloem 4% 
Area of Primary Phloem None 
Area of Fibers in Primary Phloem -
% Fibers in Primary Phloem 
Area of Pericycle 
Area of Fibers in Pericycle 
% Fibers in Pericycle 
Area of Cork Bark 
Area of Fibers in Cork Bark 
% Fibers in Cork Bark 
Area of Entire Root 
Area of Fibers in Entire Root 
% Fibers in Entire Root 
0% 
8,054,285.9 
None 
0% 
4,657,280.0 
None 
0% 
112,144,994.6 
48,315,334.1 
43% 
Speckled 
Alder 
2 Years 
97,047,765.0 
76,667,734.4 
79% 
14,112,665.8 
None 
0% 
13,196.3 
13,196.3 
100% 
5,646,619.6 
None 
0% 
2,158,784.9 
None 
0% 
118,979,031.8 
76,780,930.7 
63% 
Quaking 
Aspen 
2 Years 
10,094,625.9 
6,763,398.9 
67% 
3,119,651.5 
311,965.1 
10% 
417,268.7 
417,268.7 
100% 
6,537,209.6 
None 
0% 
977,653.1 
None 
0% 
21.146,348.9 
7,492,631.8 
35% 
Pin 
Cherry 
6 Years 
39,149,491.8 
26,230,159.5 
69% 
12,976,503.3 
2,854,830.7 
22% 
None 
— 
0% 
3,898,437.6 
857,656.3 
22% 
4,129,312.3 
None 
0% 
60,153,744.9 
29,942,646.5 
50% 
Slender 
Willow* 
4 Years 
34,517,948.3 
17,258,974.2 
50% 
11,169.912.5 
3,015,876.4 
27% 
Trace 
— 
0% 
16,805,242.9 
1,176,367.0 
7% 
1,641,545.7 
None 
0% 
64,454,579.1 
21,451,217.5 
33% 
Gray 
Birch 
14 Years 
376,301,329.9 
180,624,638.3 
48% 
28,181,208.7 
None 
0% 
None 
— 
0% 
79,487,808.1 
None 
0% 
3,716,865.4 
None 
0% 
487,687,212.0 
180,624,638.3 
37% 
Willow xylem contain pith ray flecks — 317,929.6 (microns ) per root. 
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willow roots (559.87 microns), and slender willow stems (1419.80 
microns These were followed in descending order by fibers from red 
maple branches (1411.39 microns), quaking aspen stems (1137.39 
microns) quaking aspen branches (1131.85 microns) and so on (Table 
16). The shortest fibers were found in the bark of pin cherry stems 
(658.93 microns) and speckled alder stems (734.27 microns). Root fibers 
were usually found to be shorter than those of aerial parts but there were 
too many exceptions for a generalisation. However, comparing the 
average of all the bark fiber lengths of the six species listed with those of 
the hardwood chips, it appears that bark fibers are about 28% longer 
than those of wood. 
In all cases (except slender willow), root fiber diameters were greater 
than those of aerial parts. Comparing the average of all the bark fiber 
diameters of the six species listed, it appears that bark fibers are about 
75% as wide as those of wood. 
Fiber lumen diameters were generally greater in stems than in roots, 
but those of red maple and quaking aspen were exceptions. Comparing 
the average of all the bark fiber lumina of the six species listed with 
those of wood chips, it appears that bark fiber lumina are about 30% as 
wide as those of wood. 
Fiber cell wall diameters were found to be greater in roots than in 
aerial parts except in speckled alder and slender willow. Comparing the 
average of all the fiber cell wall diameters of the six species listed with 
those of the wood chips, it appears that bark fiber cell walls are about 
43% thicker than those of wood. 
To summarize, bark fibers are 28% longer than wood fibers, with 
43% thicker walls. On the other hand, bark fibers are only 75% as wide 
as wood fibers, with cell lumina only 30% as wide as those of wood fibers. 
Analysis of Table 17 
A fiber dimension study of six Maine hardwoods was made from the 
slurry of composite samples as shown in the Fiber Dimension Study, 
Table 17. Standard pulp, made from regular hardwood chips obtained 
from the pulp mill at Old Town, Maine, was also included for 
comparison. 
A glance at the table will show that the average fiber length of 
standard pulp is greater than that of any of the composites listed. The 
cell wall diameters were also consistently greater in fibers of standard 
pulp. However, cell and lu/nen diameters were usually greater in 
composites of stumps and roots with bark than those of standard pulp. 
The remaining composites (those with other than stumps and roots) 
showed few consistent trends when compared with standard pulp. 
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TABLE 16 
BARK FIBER DIMENSION STUDY (HARDWOODS)* 
Averages In Microns 
Source of Bark Fiber 
Gray birch stems 
Gray birch branches 
Gray birch roots 
Pin Cherry stems 
Pin cherry branches 
Pin cherry roots 
Quaking aspen stems 
Quaking aspen branches 
Quaking aspen roots 
Red maple stems 
Red maple branches 
Red maple roots 
Slender willow stems 
Slender willow branches 
Slender willow roots 
Speckled alder stems 
Speckled alder branches 
Speckled alder roots 
Length 
of Cell 
1007.10 
932.67 
766.52 
658.93 
1045.93 
1060.12 
1137.39 
1131.85 
877.07 
944.80 
1411.39 
792.16 
1419.80 
2168.10 
1559.87 
734.27 
991.49 
796.83 
Diameter 
of Cell 
17.75 
12.54 
18.55 
16.10 
15.73 
17.33 
21.42 
10.43 
25.74 
17.53 
15.51 
21.05 
13.99 
10.53 
11.42 
17.16 
16.71 
17.36 
Diameter 
of Lumen 
9.64 
1.29 
5.83 
9.50 
6.93 
2.53 
2.76 
1.65 
4.21 
2.90 
2.82 
6.07 
2.38 
1.69 
1.98 
5.58 
2.07 
3.88 
Diameter 
of Cell Wall 
4.06 
5.63 
6.36 
3.30 
4.40 
7.40 
9.33 
4.39 
10.77 
7.36 
6.34 
7.49 
5.81 
4.42 
4.72 
5.79 
7.29 
6.73 
COMPARISON OF BARK FIBER DIMENSIONS 
WITH THOSE OF HARDWOOD CHIPS** 
Bark ave. of 6 species 
(all parts included) 1080.00 16.49 4.10 6.20 
Hardwood chips** 
(ave. of 100 measurements) 842.37 22.11 13.46 4.32 
Bark as % of wood 128% 75% 30% 143% 
* Based on 100 random length measurements and 25 random diameter measurements. 
Fresh material, macerated by Hyland. using Jeffrey's method (see Johansen, D. A., p. 104, 
1940). 
** Hardwood chips from pulp mill at Old Town, Maine, pulped by the Chemical Engineer-
ing Department, University of Maine, Orono, Maine. (Included here for comparison 
with bark fibers). 
Many studies have been made in an attempt to relate strength 
characteristics of paper to the dimensions and intrinsic strength of the 
wood fibers of which it is composed. It is an established fact that 
strength properties, particularly tearing strength, increase with 
increasing fiber length. Also fiber flexibility, which would be enhanced 
by fibers having a low ratio of cell wall thickness to lumen diameter, 
tends to contribute to paper strength. The reason for this is the increased 
degree of contact, and greater opportunity for fiber-bonding, where the 
fibers conform to their neighbors during water removal in the formation 
of a sheet. Chase, et al, 1971, p. 38). 
52 LSA Experiment Station Technical Bulletin 71 
The fibers composing juvenile wood (puckerbrush) shown in Table 
17 are generally shorter, and have a greater lumen-to-wall thickness 
ratio, than fibers from standard pulp from deciduous or hardwood trees. 
Aspen stemwood has the best combination of fiber length, and 
lumen-to-cell diameter ratio, of the six species evaluated. It, and gray 
birch, have the longest fibers of the lot. However, in tests conducted by 
Chase et ai, (1971), on paper made from the same slurry from which the 
present fiber measurements were made, it was found that, although 
aspen did excel in some respects, particularly in tensile strength, overall 
it was somewhat weaker than either gray birch or pin cherry. 
Chase found that willow, which has the shortest fibers and the 
highest cell wall-to-lumen diameter ratio, produced the weakest pulp. 
The cell wall diameters of gray birch, red maple, and pin cherry 
fibers are greater than those of willow; they are also longer and have 
larger lumen diameters. Inasmuch as they are superior to willow in 
strength characteristics, it is apparent that no single dimension, but 
rather a combination of dimensions, is the criterion that must be used in 
fiber evaluation. The lack of any consistent relationships between fiber 
dimension combinations and physical properties indicates that other 
important factors contribute to strength characteristics. Probably one of 
the most important of those factors is the inherent strength of the fiber 
itself. According to Chase, this might explain, in part, the reason why 
aspen fibers, which excel in length, flexibility, and total length factor, 
generally do not produce the strongest paper. 
Analysis of Table 19 and Fig. 10 
A study of Table 19 will show a rather steady and uniform increase 
in the bark thickness of both hardwoods and conifers with concomitant 
increase in total stem diameter. Minor irregularities can be attributed to 
local swollen areas due to injury or other irregularities or to branch 
insertions which happened to be located at or near the points along the 
stem where the measurements were made. 
In general, the initial bark thickness was found to be greater in 
conifers than in hardwoods but the reverse was true regarding wood 
thickness. However, at total diameter of 12.45 centimeters, the wood 
diameters were all nearly equal. The bark diameters fluctuated but were 
not widely divergent. 
An average of the initial bark diameters at 0.25 cm. of the eight tree 
species5 included in Table 19 (0.62 cm.) compared with that of bark 
diameters at 12.45 cm. (7.48 cm.) shows an increase of about 12:1. In the 
5 Speckled alder and slender willow were not included because of the imoossibilitv of 
obtaining specimens as large as 1 
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Source of Fiber? 
Gray birch stems w/o bark 
Gray birch stems w/bark 
Gray birch composite No. 1 
Gray birch composite No. 2 
Gray birch branches w/bark 
Gray birch stumps & roots w/bark 
Pin cherry stems w/o bark 
Pin cherry stems w/bark 
Pin cherry composite No. 1 
Pin cherry composite No. 2 
Pin cherry branches w/bark 
Pin cherry stumps & roots w/bark 
Quaking aspen stems w/o bark 
Quaking aspen stems w/bark 
Quaking aspen composite No. 1 
Quaking aspen composite No. 2 
Quaking aspen branches w/bark 
Quaking aspen stumps & roots w/bark 
Red maple stems w/o bark 
Red maple stems w/bark 
Red maple composite No. 1 
Red maple composite No. 2 
Red maple branches w/bark 
Red maple stumps & roots w/bark 
Slender willow stem w/o bark 
Slender willow stem w/bark 
Slender willow composite No. 1 
Slender willow composite No. 2 
Slender willow branches w/bark 
Slender willow stumps & roots w/bark 
Speckled alder stem w/o bark 
Speckled alder stem w/bark 
Speckled alder composite No. 1 
Speckled alder composite No. 2 
Speckled alder branches w/bark 
Speckled alder stumps & roots w/bark 
TABLE 17 
CRONS) SUMMARY (HARDWOODS)1 
Length 
of Cell 
734.91 
452.66 
666.16 
643.84 
606.04 
676.61 
636.10 
574.44 
577.92 
575.08 
502.71 
687.51 
729.75 
686.54 
619.07 
600.75 
505.42 
774.26 
622.04 
643.45 
621.14 
631.20 
511.10 
605.66 
468.66 
554.31 
496.01 
477.04 
456.39 
502.71 
640.49 
566.44 
559.99 
554.01 
487.33 
679.83 
Diameter 
of Cell 
22.59 
20.45 
21.45 
21.15 
18.02 
24.65 
18.61 
19.07 
20.76 
18.74 
15.25 
24.35 
24.46 
26.60 
28.04 
26.65 
23.35 
30.32 
19.95 
20.20 
21.28 
18.20 
17.29 
27.58 
16.96 
16.53 
17.58 
16.37 
16.48 
22.11 
23.85 
23.11 
21.91 
21.46 
18.35 
28.87 
Diameter 
of Lumen 
16.44 
14.99 
15.64 
15.29 
13.16 
19.77 
12.51 
17.99 
15.47 
13.46 
9.84 
18.35 
23.50 
23.17 
23.61 
23.10 
17.21 
26.61 
13.37 
13.66 
15.84 
13.83 
11.81 
21.91 
10.88 
10.94 
12.38 
9.66 
10.03 
16.72 
19.01 
17.95 
17.32 
16.88 
13.59 
23.25 
Diameter 
of CeU Wall 
3.05 
2.73 
2.90 
2.87 
2.43 
2.99 
3.05 
3.04 
2.65 
2.64 
2.69 
3.00 
1.98 
1.72 
2.10 
1.75 
1.97 
1.85 
3.29 
3.27 
2.72 
2.94 
2.74 
3.33 
3.04 
2.79 
2.49 
2.81 
2.67 
2.69 
2.29 
2.58 
2.23 
2.18 
2.43 
2.81 
Standard Pulp 3 842.37 22.11 16.43 5.87 
1 average (in microns) of 100 length measurements and 25 diameter measurements. 
2 composite No. 1: mixture of stem, branches, stump, and roots, all with bark, containing 
the same proportions of each as existed in the tree. Composite No. 2: only stems and 
branches, both with bark, in the same proportions as existed in the tree. 
3 mads Sr^ rr — • • > — t . ~ ~ > . . .A n k : » nu*n lp mill in Old Town, Maine. 
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TABLE 18 
STEM AGE, HEIGHT, AND DIAMETER OF SPECIES INCLUDED IN 
TABLE 19 AND FIG. 10 
Species 
Balsam Fir 
Eastern Hemlock 
Eastern White Pine 
Red Spruce 
Speckled Alder 
Quaking Aspen 
Gray Birch 
Pin Cherry 
Red Maple 
Slender Willow 
Age2 
yrs. 
58 
60 
52 
58 
15 
35 
36 
22 
50 
12 
Height3 
meters 
10.76 
10.89 
10.06 
11.21 
6.26 
14.93 
12.61 
8.87 
13.99 
3.05 
Diameter 
cm. 
12.45 
12.45 
12.45 
12.45 
9.45 
12.45 
12.45 
12.45 
12.45 
2.50 
1 Trees cut June 18, 1973. 
2 Tree age was obtained from a growth ring count at the base of the stem at stump height. 
3 Tree Height was considered as the total length of the felled stem. Trees were selected 
which were approximately five inches (12.45 cm.) at stump height, where the cut was 
made. 
same stems the equivalent averages are 1.34 cm. and 92.12 cm., or an 
increase of about 69:1 for the wood. 
A graphic illustration based on averages obtained from Table 19 is 
shown in Fig. 10. 
WOOD DIAMETER AND DOUBLE BARK THICKNESS OF SIX HARDWOODS AND 
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f where the cut was made. 
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Fig. 10. Total stem bark and wood thickness averages of six hardwoods (slender willow, pin 
cherry, quaking aspen, red maple, gray birch and speckled alder) and four conifers (eastern 
white pine, red spruce, balsam fir, and eastern hemlock.) 
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SUMMARY AND CONCLUSIONS 
Summary 
This study deals with the fiber analysis and distribution within the 
juvenile organs of six Maine hardwoods and four Maine conifers. It is an 
anatomical study of the leaves (conifers), twigs, branches, stems, and 
roots of juvenile trees and shrubs. The results of this study could be of 
value in determining their possible utility as components of pulp. Both 
microscopic sections and macerations were utilized in the study. In some 
cases, handsheets were prepared by the Department of Chemical 
Engineering of the same samples (slurries) from which microscopic 
analyses were made. These sheets were compared with paper made from 
standard pulp prepared from conventional boles of larger trees. A 
macroscopic study involving bark and wood measurements at selected 
diameters along the bole was made on juvenile trees (five inches in 
diameter at ground level) of the ten species under consideration. 
Drawings of fibrous cells (all to the same scale) were made from slurries 
of wood and bark. These show the characteristic cell types and are 
supplemented by measurements of cell length, diameter, lumen, and wall 
thickness, all of which are relevant in paper-making. A study of the 
occurrence and distribution of fibrous cells in conifer leaves was included 
to determine
 Lhe possible value of these organs as a component of pulp. 
The fibrous regions of leaves are well portrayed in the photomicrographs 
(Plate I). Figs. 5 and 6 graphically portray the cell types and character-
istics. Minimum, average, and maximum lengths of unbroken and 
broken cells, by cell type, and also the ratio of broken-to-unbroken cells 
prepared from random samples of four Maine conifer needles are given 
in Tables 1 and 2. An important part of the study is concerned with 
areas of tissue regions and percentages of fibrous cells in the regions for 
leaves, stems, and roots. Color photomicrographs (Plates I-VI) feature 
this material. Data for each organ of all ten species are tabulated in 
numerous tables in the text, accompanied by analyses of the data. 
A short introduction and literature review precedes a brief section 
on methods and procedure. Since a considerable number of botanical 
terms are used throughout the bulletin, a brief but informative review of 
woody plant anatomy, containing illustrations and explanatory material, 
is included to clarify certain terms and usages in the text. 
Conclusions 
In conformity with the results of others, it was found that the 
fibrous cells of juvenile trees and shrubs are shorter than those of mature 
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ones. In both softwoods and hardwoods the most valuable, and also the 
most abundant, cell type is found in the xylem. In softwoods this cell 
type is the tracheid; in hardwoods it is the fiber or fiber-tracheid. 
Generally, the fibrous cells of great length, thin walls, and wide lumina 
make the best paper but predictions based on these criteria alone are 
unreliable. There appear to be other unknown factors. Analysis of the 
data on fiber characteristics, supplemented by observations on scale 
drawings of fibrous cells presented in this study bear out these 
contentions. Fibrous cells with apparently the desired characteristics did 
not always make the best paper, as indicated by limited tests conducted 
at the Maine Pulp and Paper Laboratory. 
Conifer leaves were found to add little or nothing to the fibrous 
mass when included as a component along with stems and/or with roots. 
Where needles were pulped alone, the yield was low (16.4 22.8%) and 
the quality of the "paper" was extremely poor because of the high 
percentage of non-fibrous tissue and low percentage of desirable fibrous 
cells, most of which appeared to be short tracheids of the transfusion 
tissue region. In a comparison of stems and roots relative to the amount 
of fibrous material present, it was found that stems generally possessed a 
greater amount than roots. The xylem region of both young stems and 
roots was found to contain a higher percentage of fibrous cells than other 
tissue regions, and this amount increased rapidly as cambial activity 
added secondary xylem to these organs. After several seasons of growth, 
the amount of fibrous material contributed by primary growth, i.e., 
epidermis, cortex, endodermis, pericycle, primary phloem and xylem, 
and pith, became virtually negligible. It was found that not only the total 
percentage of tissue in an organ is important, but also the percentage of 
fibrous cells in each tissue region must be considered in determining the 
pulp value. Analyses of these features of stems and roots of both 
softwoods and hardwoods are featured in several tables included in the 
study. 
Based on information contained in the tables and figures included 
in the text, this anatomical study of stems and roots should help to 
explain the results of previous pulping studies (Chase, et al. 1971, 1973; 
Dyer et al. 1968) with respect to pulp yield and paper characteristics of 
juvenile trees and shrubs. 
A supplemental (macroscopic) study of bark and wood thickness, 
considering only juvenile trees of the ten species studied, showed that 
average bark thickness in stems of 12.45 cm. (about 5 inches) diameter 
was 12 times that at a diameter of 0.25 cm. In the same stems the 
equivalent averages are 1.34 cm. and 92.12 cm., or an increase of about 
96:1 for the wood. 
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Finally, it should be stated that because sampling was often limited, 
the data included in this bulletin should be evaluated on the basis of 
conditions stipulated; they should not be considered as averages for the 
species. 
Eastern White Pine Leaf x 80 Red Spruce Leaf x 80 
Balsam Fir Leaf x 126 Eastern Hemlock Leaf x 126 
PLATE I 
Eastern White Pine Stem x 80 Red Spruce Stem x 80 
Balsam Fir Stem x 80 Eastern Hemlock Stem x 80 
PLATE II 
Eastern White Pine Root x 80 Red Spruce Root x 80 
Balsam Fir Root x 80 Eastern Hemlock Root x 80 
PLATE HI 
Gray Birch Stem x 80 Red Maple Stem x 80 
Pin Cherry Stem x 80 Quaking Aspen Stem x 80 
PLATE IV 
Speckled Alder Stem x 80 Slender Willow Stem x 80 
Gray Birch Root x 80 Red Maple Root x 80 
PLATE V 
Pin Cherry Root x 80 Quaking Aspen Root x 80 
Speckled Alder Root x 126 Slender Willow Root x 80 
PLATE VI 
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